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Preface

The MRS symposium on In-Situ Patterning: Selective Area
Deposition and Etching brought together a wide selection of
microfabrication technologies and detailed studies of their
enabling mechanisms. The 85 accepted papers included many
contributions from a* demic institutions, and strong representa-
tion of industrial esearch laboratories, many of whom have made
major investment s, owards the commercialization of the techniques
resulting frcm-their research. Those researchers who, like us,
are dedicated to applied research are encouraged by this demon-.
stt r~iof long-term commitment and support.

rrhe common thread through the invited and contributed papers
is the chemical and/or physical alteration of surfaces by the

Vactions of ion, electron, or -photon energy. The applications
Lranged from state-of-the-art lithographic techniques, to direct

processing of semiconductor surfaces, aiming to obviate lithog-
raphy in device fabrication. This direct processing encompasses
patterned deposition of metallic conductors and insulating films,as well as local etching and doping of device structures. The

work demonstrated in this symposium ranged from the detailed
atomic behavior of treated surfaces, to nuts-and-bolts packaging
techniques for the high-de riity descendants of today's printed
circuit boards.

The organi e of this symposium wish to thank all of the
dedicated peopl .hose work made it possible. Firstly, the
participants who p esented their work in Boston last Fall, and
whose papers follow, \have spent innumerable hours to prepare their
results for their co, leagues; the MRS staff for their continuing
logistical support;\ and the symposium participants wh(
1"volunteered" to refelree and edit the papers. Finally, we thank
those institutions who provided essential financial support for
the symposium: The Air Force Office of Scientific Research, Amoco
Technology Company, IBM Corporation, Lambda-Physik, Inc., and
Newport Corporation.

May 1990 Jerry G. Black
Anthony F. Bernhardt
Robert Rosenberg
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NOVEL PHOTOIMAGING SCHEMES AT POLYMER SURFACES: THEIR ROLE
IN HIGH RESOLUTION LITHOGRAPHY

GARY N. TAYLOR, OMKARAM NALAMASU AND RICHARD S. HU7TON
AT&T Bell Laboartories, Murray Hill, New Jersey 07974

ABSTRACT

Polymer surfaces play essential roles in many technical arenas, but their importance in
imaging science and technology has only recently been established. As optical lithography
for integrated circuit applications pushes below 0.5 gim feature sizes, ever shorter
wavelengths and lenses with larger numerical aperatures are required. These narrow the
depth-of-focus to such a degree that it eventually becomes less than the substrate
topography, resist- film thickness and wafer nonuniformity contributions to focus placement.
Thick single-layer, surface-conforming resists will not be able to record the aerial image
accurately.

Surface imaging of planarized single-layer or bilayer organic films offers a means for
minimizing the depth-of-focus constraints. This paper outlines this general concept which
includes radiation-induced chemical changes in the surface and near-surface regions,
amplification of these events by gas-solid reactions with inorganic and organometallic
agents and plasma development using an oxygen plasma. Two approaches to surface
imaging are discussed. The first employs Plasmask® resist, a very absorbing
diazonaphthoquinone-functionalized novolac resin which is exposed and functionalized in
the topmost several hundred nm of film. According to Coopmans, Roland and coworkers
[14] and Pierrat, et al., [22] two tones are possible depending upon the processing. The
present study reports results obtained for both processing modes using 248.4 nm
lithography.

The second approach involves imaging at the surface and utilizes one of the oldest
polymer photoreactions, photo-oxidation, in the imaging step. Hydrophobic aromatic
polymers are first irradiated in air to give hydrophilic groups. These sorb water selectively
on the hydrophilic areas. The water is reacted in a separate step with an inorganic or
organometallic compound such as TiCl4 to give a metal oxide film (TiO 2) on the exposed
areas. Development with an oxygen plasma gives negative tone patterns because TiO2
reduces the etching rate by a factor of -500 in the exposed regions. Imaging is dependent
upon the polymer structure, among other things, and is optimized at shorter wavelengths
likely to be used in future exposure systems. From the present results we feel that surface
imaging resists may realize 0.25 im resolution at 193 nm and that <0.10 im resolution may
be achieved using x-ray radiation.

1. INTRODUCTION

Over the past thirty years the role of polymer surfaces in science and technology has
Lb come an integral part of a number of classical fields of study including adhesion [1],
membrane science (2], aging and wear of protective films [3], sorption and diffusion science
[4] and- corrosion science [5]. In contrast, until recently [6] there has only been one

Lapplication of polymer surfaces to imaging science, photoselective electroless deposition,
E which had its origins in the early 1970's [7]. A recent version of this technique [81 may
r eventually be employed to selectively activate photopatterned surfaces to the electroless

deposition of Cu, Ni, etc., used in electronic interconnection technology.
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Electroless deposition technology has been very successfully applied to thick film
(>10 gim), low resolution (>25 gim) interconnection technology, but has not been successful
for high resolution patterning (<0.5 i.tm) of 1-2 pm thick polymer films used in ultra large
scale integrated circuits (ULSIC) manufacturing. Unfavorable factors may be the isotropic
nature of metal film growth and the localized deposition of the metal catalyst which often
results in discontinuous electroless deposition of very thin (<0.1 gm) metal films. Another
problem is the accessibility of surface sites and the question of what constitutes the

surface".

Until 1983 the importance of the polymer or "resist" surface in high resolution imaging
was not evident. Until that time all resists for IC manufacturing we'- exposed completely
through their thickness (1-3 gm) and developed with aqueous base (positive tone) or sol,,ent
(negative tone) liquid developers. The former method is employed widely today to provide
<0.5 gin resolution patterns in >1.0 gm thickness films [9] using 248.4 nm light.
However, this approach is becoming increasingly more difficult because the depth-of-focus
is on the order of the sum of the topographic and resist film thicknesses and will be even
less when smaller features are exposed at shorter wavelengths. In-addition, such resists are
subject to reflectance and bulk (diffraction) effects which degrade resolution.

Surface and even near-surface imaging eliminate the latter two difficulties and
substantially minimize depth-of-focus problems especially when true surface imaging is
used [6]. These points are summarized in Fig. I which includes other issues such as wafer
"bow" and device topography. The means for optimizing resolution is clear; employ a
planarizing surface-sensitive resist having other desirable characteristics such as resistance
to plasmas used to etch device substrate films, a high T. and reasonable sensitivity of
<100 mJ/cm 2 (<30 .tC/cm 2 for e-beam lithography).

A. DEEP UV
•POSITIVE 1. 5/m- LIGHT

PHOTORESIST

f few Lm SlI

f104armJL
SURFACE SENSITIVE RESIST

Figure 1. Diagram depicting (A) the influence of wafer curvature, substrate film
topography and resist thickness on the focus required for optimum imaging
and (B) a means for minimizing focus variations by employing a planarizing,
surface-sensitive resist.

A general scheme [101 for accomplishing this is presented in Fig. 2 for both positive
and negative tone patterns. In this instance radiation-sensitive groups A in the polymer are
converted to product groups B. The conversion of A to B is restricted to the near -urface
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Figure 2. Gas-phase functionalized resist process using a polymer with highly absorbing
radiation-sensitive groups A affording product groups B, gas-phase
functionalization by organometallic or inorganic reagent MR to give selective
reaction in the near-surface region and plasma development to give either
positive or negative tone patterns depending on whether A or B reacted
respectively, with MR.

region of the film by its extremely high absorption cross section that is optimized by using
the appropriate radiation, low energy electrons (<5 keV) and ions (<200 keV) and high
energy photons (100-2500A) or by incorporating highly absorbing chromophores for longer
wavelengths of light. The radiochemical conversion is amplified by the gas-solid reaction
of an inorganic or organometallic compound MR with either A or B, thus locking the metal
atoms M into selective regions of the film. Oxidative plasma development then converts M
to its refractory oxide MOX, which is an. excellent barrier, or mask, for anisotropically
removing unfunctionalized polymer.

Restriction of MR to the near-surface region also can be achieved, even in the case of
exposure through the entire film thickness, by confining the permeation of MR to this region
[101 (Fig. 3). So far, this method has achieved the highest resolution imaging in
conventional optical lithography as we shall see in a later section. Si is the most
commonly used metal atom because its organometallic compounds are readily available and
undergo selective reactions with a variety of organic functional groups; also Si0 2, the~masking species during development, is an effective etching mask for anisoatropie oxygen

reactive ion etching (RIE).

2. SYSTEMS USING Si MASKING

MacDonald and coworkers (11) first reported the reaction of hexamethyldisilazane
(HMDS) with polymeric phenolic groups, generated by direct or catalytic photolysis

§s__



6

EXPOSED
REGION

FUL A A A A 0 A 
A

THICKNESS A A A A I A I A A A

EXPOSED A ARESIST A AA A I A 8A A IA A A ;

A A A 11A6AA A

NEAR SURFACE METAL-CONTAINNG
UIFFUSION AND EACTIN GASME ,

AAMR *Am RS 4AMR A AA MSPRAA
AJAR AM LM AhIR A A A A KMI AAA
A A 

I  
A A A A A A AMR 

A

A A A A A AAA
A AA A AA AA A

A A A A AS6 A'A A A
AAA A A[AAA AA A A A, A AA

GAS1  DEVELOPMENT JGASX

INVOLATILE

LAYER

POSITIVE NEGATIVE
TONE TONE

Figure 3. Gas phase functionalization as in Fig. 3 except for exposure through the film.
Near-surface functionalization in this instance is obtained by limiting
permeation of the reagent MR to the near-surface region.

techniques, to give plasma-developed resist images. The use of Si in plasma-developed
resists was pioneered several years before by workers at AT&T Bell Laboratories [12,13].
However, neither of these groups used surface or near-surface selective incorporation of Si
in the imaging process.

j- A joint effort by Coopmans and coworkers at IMvlEC and Roland, et al. at UCB
Electronics, both in Leuven, Belgium, resulted in the first production worthy process using
Si functionalization and near-surface imaging [14]. Called DESIRE® it employs a
diazonaphthoquinonesulfonyl ester derivative (DNQ) of a phenol formaldehyde novolac as
the photoactive resin which is called Plasmask® resist. In the presence of water the
absorbing DNQ group photodecomposes with loss of nitrogen to give a ketene which reacts
with water to give an indenecarboxylic acid that is thermally stable at temperatures up to
-180'C. Heat (>120"C) also produces the same ketene intermediate, which in the absence
of water reacts with the phenolic hydroxyl groups on the resin to give a resin ester. Since
the DNQ denvatized resin is multifunctional, crosslinking occurs readily upon heating and
many reactive phenol groups are converted to ester groups which can not be silylated. In a

typical DESIRE® process outlined in Fig. 4 the resist is heated after exposure. This causes
a considerable difference in the permeation rate for trimethylsilylating agents, such as
HMDS, in the exposed (high rate) versus the unexposed (low rate) regions. With proper
control of the post-exposure heating and silylation conditions permeation can be restricted
to a depth of -3000A in exposed regions and <1000A in the crosslinked unexposed regions.
The different .5i concentrations and Pere"t;o af. fd a much lower 02 RI rat, in
exposed regions and negative tone images upon development. However, the low Si
concentration in the unexposed areas leads to the formation of residue (grass) in these
nominally clear areas. This is minimized by using the post-exposure bake, but usually
other techniques are employed to assure grass-free patterns. These include freon plasma

t5
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etching [15] or high bias oxygen plasma etching [16] prior to development or extensive
overetching (-30%) after development.

The DESIRE® process is complex and requires specific (silyiation and etching)
equipment and processes. It has afforded superior patterning in quite thick films using 436
and 365 nm light and 5X demagnification step-and-repeat exposure tools. Lines and spaces
as small as 0.5 gtm were fabricated with 436 nm light while 0.4 pm patterns over 1 g±m Al
metalization patterns were made with 365 nm light [14-16].

EXPOSURE 0 EXPOSURE 0 STEP I
248,m / \ >320. S,

~EXPSEDX~
~E ION

HEATINGI HrATINGI STEP 2
CROSSLINKEO

4 IG ON

...HMs/  . STEP 3
4 HMSSJ SILYLAT HS

REGION

0t O IE 0 JRIE STEP4

Figure 4. Schematic of the DESIRE® plasma-developed resist process using the
- Plasmask® resist and showing the exposure, heating, silyIntion, and 02 RIE

development steps for both UV and DUV exposure.

Extrapolation to short wavelength, deep-UV exposures at 248.4 nm and 193 nm should
afford even higher resolution patterns. Using Lin's equations [17] to estimate resolution
(o)) and depth-of-focus (A,) as a function of resist and optical system parameters, values for

kCo and A, at these shorter wavelengths may be estimated for an NA = 0.45 projection
system as

365 0.40 1.50

248.4 0.30 0.96

193 0.22 0.73

Several groups [IR,19] including that of these authors r20] have investig-ae the
predictions for 248 nm exposure. At this wavelength the Plasmask® absorption is more
intense than at the longer wavelengths (Fig. 5) and -15% of the incident light is absorbed
in the topmost 1000A of the film. This should limit exposure to a narrower surface region
than the longer wavelength exposures and afford better permeation control (of HMDS),

Me



better depth-of-focus than expected and perhaps slightly better resolution.
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Figure 5. The absorption spectrum of 1.5 gm thick PlasmaskO resist on quartz showing
the sample as coated (a), exposed by I J/cm2 of UV light (b) and exposed by
1 J/cm 2 of 248 nm light (c).

The results [18-20] do not agree with this hypothesis and the resist is quite insensitive
at 248 nm (-300 mI/cm) versus 365 nm (150 mI/cm2). Grass-free, high-aspect-ratio
patterns are obtained by overetching, but only for 0.40 tim and larger line and space
patterns. 0.30 gm lines and spaces can be obtained using new dry processing methods, but
still exhibit some line edge roughness and profile degradation while 0.25 Jim features are
discontinuous and ragged (Fig. 6) [20]. Apparently the etching selectivity between exposed
and unexposed regions is not as high as in the longer wavelength exposures. One possible
cause may be deep-UV induced side reactions such as crosslinking which have been
observed by Yamashita and coworkers with the LMR resist [21] and also by Picrat, et al.
[22] with Plasmask®' resist exposed by deep-UV contact printing.

Figure 6. Fine line patterns of (a) 0.30 and 0.25gm lines and spaces and (b) 0,3gm
lines and spaces in 1.5 ,tm thick PlasmaskO resist exposed to 300 mI/cm2 of
248 nm light on a DUV stepper.

fRecently, there have been attempts to obtain positive tone near-surface functionalized,
plasma-developed resists. The work of the Grenoble groug [22] is particularly interesting
for the scheme outlined in Fig. 7, They exposed Plasmask under water free conditions in
an e-beamn exposure system (high vacuum) which gae highly crosslinked exposed regions
entirely through the resist film. Then they exposed the entire sample to 1 J/ca 2 of 365 nm
light, thus increasing the HMDS permheability in the initially unerposed regions. Silylation
under more discriminating (lower temperature) conditions than usual selectively
incorporated Si, as Si(CH3)3 from HMDS, into the unexposed regions, but not in the
initially exposed and crosslinked areas. 02 RIE development afforded high-aspect-ratio,
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positive tone 0.3 g~m lines and spaces with e-beam doses of 190 p.C/cm 2 at 50 keV and
750A lines and spaces with doses of 500 p.C/cm 2 in a somewhat thinner film.

The Grenoble group also showed 0.2 .m line and space patterns exposed at 248 nm
with a Karl Siiss contract printer and claimed analogous results for deep-UV stepper
exposures. We have tried to reproduce their results using a 0.38 NA, GCA 4200 5X
stepper [20], using processhig conditions as close to those reported [221 as possible, but
without success. Only partial development occurred as shown by the SEMs of samples
overdeveloped by at least 100% (Fig. 8).

THE PRIME PROCESS
248nm

LIGHT

(1) DUV OR C EXPOSED
EXPOSURE 4  ,.1 R EGION

(21 FLOOD
EXPOSURE FLOOD
®365 nm EXPOSED

(3) HEATING 1 CROSSLINKEDREGION

(4) SILYLATION HMDS SILYLATED

(5) DEVELOPMENT 102 RIE

POSITIVE TONE

Figure 7.
Tone inversion scheme for Plasmask@ resist.

Figure 8. SEMs of patterns obtained as in Fig. 6, but using 5X, 248 nm stepper
exposures in an ambient environment of 2gpm (A) and 0.5 and 0.45gpm lines
and spaces (B).

Another approach based on photogenerated acid that induces crosslinking of the
phenolic resin to other acid-labile multifunctional reagents such as melamine methyl ethers
[23] and benzylic alcohols and acetates (24] has been applied more successfully to deep-UV
lithography. Silylation of phenolic groups with HMDS is used to induce etch resistance in
unexposed areas while thermal crosslinking after exposure amplifies the initial photolysis
step and hininizes MD S permeation in exposed regions. In both cases near-surface
(topmost 5000A) Si-functionalization is used and some residue is observed in the exposed
regions. This imaging scheme is summarized in Fig. 9a and has afforded -0.5 .m



resolution, positive tone patterns thus far. Such schemes become very tenuous when
silylation or the exposure deplth is limited to the upper 1000A of the resist. In the first
instance there is too little Si present to adequately mask the unexposed regions during
development, while in the latter case the requisite deeper permeation of HMDS, an isotropic
process, intrudes beneath the crosslinked upper region as depicted in Fig. 9b, and restricts
resolution. None of the above approaches using Si functionalization is a true surface
imaging process. Therefore they are limited in their ultimate resolution under the poor
depth-of-focus exposure conditions expected at X < 200 nm. Even thin SiO 2 layers (several
hundred Angscoms) have inadequate resistance to 02 RIE conditions to act as good ething
masks (selectivity versus aromatic polymers is -1:100) for organic planarizing layers.
Transition metal oxides hay,- better etching selectivity (300-2000) and should adequately
protect organic materials durii.g 02 RIE pattern transfer [25]. The presence of traces of
such materials (Fe2O3 , TiO2 and Co20 3 ) as contaminants during trilayer resist processing
often leads to unwanted residue hi unmasked areas. Because of this tenaceous etch
resistance in 02 RIE we have sought to develop processes that utilize such materials. Thus
far three metals (Al, Ti, W) and thin films of their metal oxides (A120 3 , TiO2 , We 3 ) are
particularly promising with TiO2 exhibiting the best combination of properties.

SACI'HRDENED %
~PHENOLIC RESIST

NEAR-SURFACE I
EXPOURE EXPOSED REGION

~HEATING
HEAIN CROSSLINKEO REGION

SILYLATION NMD5
NEAR-SURFACE DEEP NEAR-SURFACE'I~ 5ILYLATED

REGIONS j j

02 RIE

DEVELOPMENT

Figure 9. Scheme showing near-surface exposure of a resist, crosslinking of the exposed
region by heating, silylation in the near-surface region (a) or even deeper into
the film (b) and development by 02 RIE.

We found that gaseous TiCI4 is readily converted to a thin continuous Ti0 2 film at

hydrophilic polvrnr ,rfa,s by reaction with sr' wa.... 6]. Initially, we employed
this reaction to selectively coat hydrophilic polymers with Ti 2, while their hydrophobic
counterparts exhibited no similar reactions. First we employed this selective coating
technique in bilayer resist processing [26] and later extended it to submicrometer trilayer
pattern transfer techniques with reasonable defect densities [27]. Recently, the bilayer t
process was extended to other organic-on-organic bilayer applications by Kodak workers
[28] and other groups [29] who silylated the exposed and developed topmost positive
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photoresist layers with HMDS and transferred the silylated patterns into the lower layer by
02 RIE. Fine patterns were obtained, but dimensional control of the relief image during
processing was complicated by volumetric expansion of the silylated layer and inadequate
masking in large silylated features. Analogous liquid silylation methods recently reported
by Shaw and coworkers [30] may provide alternate solutions to these problems and require
exact process control during the functionalization step.

3. SURFACE-SENSITIVE SYSTEMS USING A TiO2 MASKING LAYER_2

We have focused our efforts on finding true surface-sensitive imaging processes using
Isingle layer or organic-on-organic bilayer resists. Starting from the observation that thin

TiO 2, W0 3 and A12 0 3 films are excellent 02 RIE etching masks we searched for Ways to
selectively deposit them on polymer surfaces. Extensive structure-property studies with
nearly 100 polymers showed that polymer surface reactions with Ti or W and Al
compounds were dominated by the water sorbed on the polymer surfaces [26]. We found
that hydrophilic polymers containing polar hydrogen bonding groups (OH, -NH 2, etc.)! g readily reacted with TiCI4 to give 02 RIE resistant materials. Hydrophobic polymers suchas poly(styrene) and poly(a-methylstyrene) did not react similarly with TiC14 and were very

rapidly removed by 02 RIE. A detailed surface analytical study using Rutherford
'backscattering spectrometry (RBS and depth profiling X-ray photoelectron spectroscopy
revealed that a very thin (39-100A) TiO2 film was deposited on the hydrophilic polymer
surfaces, whereas Ti was incorporated at low atomic percentages throughout the
hydrophobic aromatic polymers [31]. The latter apparently results from permeation of
TiC into these polymers where it forms a weak charge transfer complex with the aromatic
groups. This complex is relatively stable at room temperature. Thus TC 14 does not diffuse
out of the film rapidly. Rather, water diffuses into the film when the wafer is brought into
the ambient environment and TiO2 is formed dispersed throughout the film. Because the
TiO2 is dispersed, the hydrophobic polymers are still rapidly removed by 02 RIE with rates
about Y2 those of the untreated polymers. In contrast, hydrophilic polymers treated with
TIC 14 etch at rates as low as 7 x le times that of the untreated polymer because of a
continuous protecting Ti0 2 layer on the polymer surface.

Based on these results a scheme was developed for imaging at polymer surfaces [6]
(Fig. 10) which utilized the change in surface hydrophilicity, or a corresponding change in
hydrophobicity, induced by radiation absorbed at the polymer surface. The scheme outlined
in Fig. 16 shows how both resist tones can result, the crucial steps being selective sorption
of water only on hydrophilic regions and selective metal oxide deposition on them.

Our initial idea for surface imaging was to use photosensitive, moderately or weakly
hydrophilic polymers such as polyesters, polyethers and polycarbonates as precursors for the

f- generation of very hydrophilic, strongly hydrogen bonding OH groups. Thus, we studied
[32] a wide variety of polymers containing different types and amounts of oxygen
containing groups. These included poly(4-methoxystyrene), poly(4-t-butylcarbonatostyrene),
a number of aliphatic and-aromatic methacrylates and copolymers of vinyl acetate and vinyl
alcohol, copolymers of methyl methacrylate and methacrylic acid, m-cresol novolac resins
having various degrees of acetylation, several polysulfones, and two aliphatic poly(ketones).
Some of the results are collected in Table 1. The Ti concentrations were measured by x-ray

't fluorescence spectroscopy (XRFS) after TiC!4 treatment and 02 RIE.

Polymers 1-7 in the Table all have oxygen containing groups with varying hydrogen
bonding and acidity characteristics. Entries 1, 2, 4, and 6 are strongly hydrogen bonding
while 4 also is quite acidic. In comparison, polymers 3, 5 and 7 are non-acidic, mildly
hydrogen bonding esters. However, all seven react readily with TiCI4 to give extremely
etch resistant films. The amount of Ti reacted ranges from a low value of I x 1016 Ti
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atoms/cm2 to a high of twice that amount. The etching rates are extremely low even
though as much as 50% of the Ti was lost during etching. Even very weakly hydrogen
bonding groups such as -SO2, -NO2, -OR are sufficiently active to afford highly etch
resistant films upon TiCl4 treatment. Thus, the hydrogen bonding properties of polymers
appear to determine the degree of water sorption and surface reaction to form TiO2.

Only very hydrophobic polymers such as poly(styrene) PS (Table 1) behave differently.
More Ti is present in PS than on all other films, but less Ti is lost upon etching and the
etching rate is still high. We tested copolymers of styrene and allyl alcohol having various
compositions to determine the minimum amount of the strongly hydrogen bonding OH
group needed to convert polystyrene to a water sorbing polymer. Surprisingly, as little as
-0.3 atom % OH was sufficient to give TiO2 functionalized polymers with very low etching
rates.
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SFigure 10. Photo-oxidative and photoreductive imaging schemes in which
~(1) hydrophobic, strongly absorbing groups 0 are converted to hydrophilic
~groups I and the converse (2). Subsequent steps involve sorption of water,
~reaction with a readily hydrolyzed inorganic or organometallic compound MR
~and 02 RME development.

i These results prompted us to develop a new photooxidative [6,32] surface-sensitive
[imaging process shown in Fig. 11. It is modeled on the well known photooxidation of

polystyrene [33,34] that has garnered considerable interest over the past 25 years and recent
mechanistic studies of photooxidized surfaces as well [35,36]. It is generally agreed that
254 nm initiated photooxidation occurs primarily via free radical intermediates that first

S cleave the methyne C-H bond and react fturher by thermal processes to give more oxygen
bearing functional groups such as OH, >C = 0 and -C02H.

Since surface photoreactions are favored by high absorption cross-sections, we selected
193 nm ArF excimer laser light in our initial experiments with the aronnatic hydrohobic
polymers listedl in Table 2. All have high absorption while three have readily ,obstracted
methyne hydroges. However, only the monobenzenoid systems are photoactive while the
most sensitive one has no readily abstracted hydrogen. The sensitivity curves are highly 1
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Table 2 Lithographic Results for Various Aromatic Polymers
at 193 am

9Incident
el" Image Dose

_______ _______ tmole-em) Type, 'Thickness ('imls
i.54,000 Negative, Full 6.30

Poly(ssyscn)

iI. A.s+ + +
2. + 80.000 Negative, Full 4-10

Poiy(at-mehyiuyeu)A

3 6.500 None 6000 U

poly(aeenahshylene)

4. 14,000 None !5000

Poly(Nvinylcrb ) e)

dependent on radiation fluence as depicted by the plots presented in Fig. 12. Better
sensitivity is achieved for higher fluence which suggests the role of two photon processes

A and slow radiationless decay of excited state intermediates in the monobenzenoid systems
having excited states with considerable energy differences. Note that the two
polybenzonoid aromatics, which have smaller energy differences between excited states, are
not active.
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Figure 12. Influence of 193 nm light flux on the sensitivity curves for poly(styrene)
where NT is normalized thickness.

We attempted to obtain patterns with 193 nm light using a Leitz IMS 36X
demagnification exposure system, but were plagued by syst-em problems [37]. Thus, we
directed our attention to the 248.4 nm wavelength employed in a 0.38 NA, KrF excimer
laser, 5X demagnification step-and-repeat exposure apparatus. We quickly found that
poly(styrene), and even the 100 fold more absorbing polymer poly(4-vinylbiphenyl), barely

L afforded traces of an image at 500 mJ/cm2 dose. Since the fluences are nearly equivalent at
248 and 193 nm (0.2 and 1 mJ/cm2/pulse, respectively) the differences can be ascribed to
lower absorption and perhaps lower quantum yields for oxidation at the longer wavelengths.

To increase the probability for photolytic cleavage we investigated a variety of
hydrophobic polystyrenes containing halogen and halomethyl groups. Poly(bromostyrene)
and poly(iodostyrene) were unreactive, but several chlorine-containing polystyrenes proved
quite responsive despite their weak absorption (e2 8 < 400 I/mole-cm). Results for these
polymers are summarized in Table 3. Chlorinated poly(styrene) CPS with ring and

NI1 ______1_ _



methyne carbon chlorination was most sensitive followed closely by chloromethylated
polystyrene (CMPS). For CPS the sensitivity increased with the degree of chlorination and

135 was optimum at 1.15 Cl/monomer unit. Performance also was dependent on 02 RIE time.
W Sensitivity decreased with etching time while contrast initially increased, but latter

decreased when most of the 1i0 2 protecting layer had been removed by sputtering
(Fig. 13). High resolution patterns were resolved at the optimum dose (250-300 mJlczn2)
and etching time (21 min) as shown by the SEMs for 0.8 and 0.4 urn lines and spaces in
1.2 gim thick films (Fig. 14). The widths of both sets of lines were not changed when the
dose was increased by 20% indicating a wide process window. However, considerable
residue was evident in the unexposed regions.

Table 3 Lithographic Results for Several
Chlorine-Containing Poly(Styrenes)

Exposed at 248 nm
Image Dose

Polymer CII Type, Thicknesa irnl/cm2)
ca

I. e-~aia0.143 Negative. Full 200

ailoinawe Poly(atyrme)

2. +-e.*0.125 Negative, Fair 50

Poly(2-chlosyue)

3. (i0.125 Negative. Moderate 500

Poly(4-chlarosayene)

4. i~e 0111 Negative, Full 300

5. 00 Negative. Trace 500

Poly(styrene)

0.64
CPS 1.15 CI/MONOMER

?0.6
Wn

ETCH TIME (mint 22.
319 2.

Y 19 1.93
Uo.a L1.1

It 21If

2.1 0 25e
0.91 29
j 01.10

IL0 10 10

DOSE (mJ/CM 2)

A0 Figure 13. Normalized thickness versus dose plots for CPS with 1.15 Cl/monomer unit
after 248 nm exposure, treatment with TiCI4 and 02 RIB development for

OR various times.
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The residue results from permeation of TiC4 into unexposed regions during the gas-
polymer metalization step and is independent of the exposure wavelength and process. We
employed XRFS to measure the amount of Ti present as a function of exposure dose for
193 nm exposures and found very high concentrations at low doses where the film is
completely developed by 02 RIE and 3 times lower concentrations at higher doses where

-3

IN

I a,

b d k
Figure 14. SEMs of 0.8 and 0.4 tm lines and spaces in 1.2 gm of CPS resist for 248 nm

doses of 250 (a,b) and 300 mJ/cm2 (c,d).

tmasking was very effective during development (Fig. 15). Using polymers such as
chlorinated poly(4-vinylbiphenyl) CPVB, which has a 100 fold stronger absorption at
248 ri, we obtained patterns with even greater residue, but at somewhat lower dose
(150 mJ/cm 2). In this instance the greater residue formed may result from the greater
solubility of TiC 4 in this polymer since the charge-transfer complex is expected to be more
stable. It also may result from partial autooxidation of the surface after spin coating and
during the baking step that must be done at temperatures approaching the high Ts of this
polymer (-20'*C).

14 . 25

.12 -24

t10 - 20

1 ~mJ/Cm'IPULSl[E
SWsG'/P 1a

F2 4

C 0
10 100 1000

DOPE (n.1CM2)

Figure 15. Effect of 193 nm light dose and fluence on the amount of Ti reacted with
polystyrene films.

Residue formation presently prevents consideration of this technology for device
manufacturing. There are several approaches for eliminating it including using a very dilute -
1:30 buffered HF:H2 0 liquid etch after development. Other methods would involve 'A

- ~ -. -~- -- __ ____
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preventing or at least severely limiting permeation perhaps by means of thermal or
photochemical crosslinking, use of more bulky reagents whose steric requirements severely
impede diffusion or development of new processing methods. In this latter category we
have intensely investigated the role of temperature in retaining water sorbed on polymer
surfaces and TiC14 sorption throughout the hydrophobic polymer films. Above 35"C no
TiCl4 is found in poly(styrene) after a 2 minute TiCI4 treatment and the subsequent pump
down in our standard process (Table 1). Unfortunately, only small amounts of Ti
(<1015 atoms/cm2 ) were found on hydrophilic polymers (HB HPR-204) under the same

BF conditions. Thus, at 35"C no films were functionalized while at 25'C considerable
iC selectivity was observed.

kControl of permeation appears to be more promising. In studying this we have used
two organic layers, a thin chlorinated poly(styrene) topmost imaging layer 0.4 pAm thick and
a 1.2 p.m thick lower layer of hydrophobic crosslinked PCMS. The latter was crosslinked

tby exposure to 5 J/cm2 of broad band deep-UV radiation prior to over-coating with CPS.
Alternatively a lower crosslinked hydrophilic layer, 1.2 pm of hard-baked HPR-204, was
employed. For each bilayer resist, the scheme outlined in Fig. 16 was followed. With a
hydrophific lower layer patterns were formed, but were highly distorted and contaminated
by large circular defects reaching above the film surface. The hydrophobic bilayer film
C-Rve high resolution patterns with much less "grass" than in a 1.2 pm thick single layer
CPS film (Fig. 17). Although this result is in the right direction it still is not sufficient for
device patterning. Other problems are the somewhat poor sensitivity and the line edge
roughness which may result from the weak poly(styrene) absorption. We are presently
seeking solutions to these problems by investigation of new highly absorbing polymeric
materials (at 248 nm) and new organometallic or inorganic regents that have low or zero
permeation rates.

T W.

(2) h."

Figure 16. Organic-on-organic photoxidized bi-layer resist scheme with a thin, absorbing :
~imaging layer on a thick, crosslinked organc planarizing layer and processinganalogous to Fig. 11.

Figure 17. SEMs of 0.8 and 0.4 po ine and space pattes in 0.4 it CPS on 1.2 m ofrbn

DUV crosslinked poly(chloromethyl styrene). Note the reduced residue

relative to that in Fig. 14.
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4. CONCLUSIONS 4-

We strongly believe that surface imaging will be the dominant photolithographic process
for resolution :0.35 gm, At least three methods appear to be useful in this regime:
(1) near-surface exposure and functionalization with Si-containing reagents to a controlled 41
depth (2) surface exposure altering surface hydrophobicity and functionalization with more
etch resistant inorganic species than Si (3) surface exposure, functionalization with metallic
catalytic species and electroless deposition of ultrathin highly etch resistant metal layers.

From our present experiments with the first and second options we can estimate theIresolution which might be. attained using future shorter-wavelength lithography systems.
The wavelengths we choose are 193 nrm, which is being intensely investigated at Lincoln£ Laboratories [38], and 13.0 nm which was recently postulated for a new reflective optic

[39] imaging system [40] by Wood, Silfvast and Jewell for x-ray lithography. For the
former an NA = 0.40 is assumed, whereas an NA = 0.10 is used for the latter [40]. A k,
value of 0.50 is used to calculate resolution co based on the contrast of the Plasmask ® and 5-
CPS resists, while a more standard value of 0.35 is used for k2 to calculate A. The results
presented in Table 4 predict that imaging with 130A light will define sub 0.1 ILm features
with a depth of focus comparable to that for vacuum and deep-UV light where only
0.25 p.m patterns are feasible. Depth of focus is sufficiently low such that device z
planarization or resist planarization would be required. Overall, the coupling of surface-
sensitive resist technology with planarization and new optical lithographic exposure systems
seems to be a good approach to ultrasmall pattern fabrication and we expect that work in
this area. will be intense over the next several years.

Table 4 Resolution and Depth of Focus
Values for Surface-Sensitive
Resists with k, = 0.50 and

k2  0.35

0o AZ
(nm) NA (ami) (arn)

- 248.4 0.40 0.31 0.54

193.0 0,40 0.24 0.42

13.0 0.10 0.065 0.46
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SURFACE CHEMISTRY OF DIMETHYLALUMINUM HYDRIDE AND

vt ~TRIM ETHYLALUM INUK, ON ALUMINUM

K Daniel R. Strongin and Paul B. Comita
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Sose, California 95120
Permanent address: Department of Chemistry, State University

of New York, Stony Brook, New York 11794

ABSTRACT

The surface chemistry of dimethylaluminum hydride (DMAH)
and trimethylaluminum (TMA) on aluminum has been investigated
with temperature programmed desorption (TPD), and Auger
electron spectroscopy (AES). The TPD spectra of TMA shows a
single desorption peak with a peak maximum which shifts from
190 to 200 K for surface coverages of 0.5 and 2.0 monolAyers
(ML) respectively. DMAH desorbs from an aluminum surface
between 198 and 236 K at surface coverages ranging from 0.1
to 4.0 ML. A second DMAH desorption peak is observed at
about 200 K (2.0 ML) when the aluminum surface is
contaminated with carbonaceous species, resulting from the
decomposition of DMAH. Both DMAH and TMA yield methane as a
reaction product on the aluminum surface. The surface
reactions of DMAH on aluminum also yield TMA as a reaction
product.

INTRODUCTION

Interest in the surface reactions of alkylaluminum
compounds on aluminum surfaces has been intensified by the
discovery of reactive aluminum species which produce pure
metal films [1-4]. The nature of the ligands bonded to
aluminum can influence the reaction channels available to the

ialkylaluminum molecule, and can therefore influence the metal
formation reactions. For example, DMAH has been reported to

rproduce aluminum[2], in contrast to the fully alkylated
&species TMA, which produces predominantly aluminum carbide

(5]. We have investigated the reactions of DMAH and TMA on a
clean aluminum surface in an attempt to understand the

telementary surface reactions which underly these experimental
observations. We report here that the production of methane
is a reaction product (during TPD experiments) resulting from
surface decomposition of DMAH and TMA. DMAH decompositon on

Kthe aluminum surface yields about an order of magnitude more
methane product than docs an equivalent iniLlial surface
concentration of TMA. It is also suggested by the TPD
results that TMA is a reaction product, formed by DMAH
surface reactions. The production of TMA from surface DMAH
might provide a reection channel for the removal of carbon

Mat. Res. Soc. Symp. Proc. Vol. 158. @1990 Materials Rserch Socilety
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and the depostion of pure aluminum. However, AES shows that
the carbon coverage on the aluminum substrate is

approximately equivalent after either DMAH or TMA temperature
programmed desorption experiments.

EXPERIMENTAL

TPD experiments were performed by adsorbing either DMAH
or TMA (Alfa, electronic grade > 99.99% purity) on an
aluminum foil (Aldrich >99.99% purity) which was held at
about 90 K. The sample was resistively heated at 8 K/sec,
and the sample temperature was monitored with a chromel -

alumel thermocouple, and the desorbing species were detected
with an Extrel (model C50) mass spectrometer.

Due to the electron deficiency of aluminum in both DMAH
and THA bonding between the monomeric species is found
experimentally f5,6]. Under our experimetal conditions DMAH
exists primarilly in its trimeric form, linked by aluminum -

hydrogen bridges [5]. TMA exists in a dimeric form, linked
by aluminum - methyl bonds [6]. Thus, in the experiments
presented later the aluminum surface is being primarilly
dosed with either DMAH trimer or TMA dimer. The cracking
pattern for each species was obtained by alligning the dosing
source directly with the mass spectrometer. The cracking
pattern obtained in this manner was identical to the pattern
obtained from the desorbing species during the TPD
experiments indicating that DMAH trimer and TMA dimer
accounted for the desorbing alkylaluminum compounds.. The m/e
159 intensity (H3A1 3 (CH3 )5 ) was used to monitor DMAH trimer
desorption and m/e 129 (Al 2 (CH 3 )5

+ ) was monitored for TMA
dimer desorption.

Static secondary ion mass spectrometry (SIMS)
experiments were carried out with 2 keV Ar+ ions. Coverages
of DMAH and TMA quoted in this paper were estimated by using
static SIMS and are indicated in monolayers (ML). The m/e 57
signal ((CH 3)2 Al

+ ) was monitored during the SIMS experiment
as a function of TMA or DMAH exposure. One ML is defined, in
this study, as the adsorbate coverage which produces no
further increase in the m/e 57 signal intensity. Coverages ;
are also assumed to vary linearly with dose time. Sample
cleaning was achicved by repeated Ar+ ion bomabardment and
anneal cycles. Surface cleanliness was monitored by AES,
using a single pass cyl~ndrical mirror analyzer. Carbon
coverages quoted in the text were determined by using the
sensitivity factors for aluminum and carbon in ref. [7].

RESULTS AND DISCUSSION

Figure 1 shows TPD spectra for DMAH adsorbed on
atomically clean aluminum as a function of surface coverage.
At DMAH coverages between 0.1 and 0.5 ML only one desorption

r
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peak is evident, shifting in temperature from 198 K to 220 K.
VT This rapid increase in the temperature at peak maximum at low
1DMAH coverages suggests that there are strong attractive

interactions between neighboring DMAH molecules on the
Maluminum surface. At higher DMAH coverages (1 ML) an

additional desorption state at about 200 K appears, while the
high temperature peak shows fractional order kinetics (an
increasing peak maximum with adsorbate coverage), suggesting
that this high temperature peak is due to the desorption of
DMAH which had been molecularly adsorbed in a condensed state
on the aluminum surface.

I I 2 3 5  1 i

DMAH Coverage

205 231

40 ML

w2.0 ML

- 1.0 ML

E __ _,.L _ 0.5ML
~198

, X5 0.1 ML

100 150 200 250 300 350
Temperature (K)

Figure 1. DMAH/Al TPD spectra for various DMAH coverages.

It is important to note that each TPD spectrum shown
Lin figure 1 was performed after the aluminum surface was

cleaned of any carbon contamination. It was found that after
DMAH TPD experiments (where the DMAH coverage was greater
than 1 ML) a carbon surface concentration of 0.25 was left on
the aluminum surface after a single DMAH adsorption

0desorption cycle. If the surface was not cleaned the carbon
surface concentration increased and then plateaued at 0.5
after three more TPD experiments. This carbon buildup
altered the DMAH TPD profiles by decreasing the intensity of
the high temperature peak and increasing the intensity of the
low temperature DMAH desorption peak.. For example, after
four 2.0 ML DMAH adsorption - desorption cycles the intensity

!Oil
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of the high temperature peak decreases by about a factor of
5, while the low temperature peak increases by a factor of 5.
These results suggest that the high temperature desorption
peak results from DMAH desorbing from clean aluminum and the
low temperature TPD peak results from DMAH desorbing from
carbon contaminated aluminum.

THA temperature programmed desorption spectra are shown
in figure 2 as a function of coverage. As is the case with
DMAH the adsorbed TMA produces a carbon coverage of about
0.5, but this carbon contamination did not affect the TPD
profile for TMA.

I" I I I

TMA Coverage

196 2.0 ML

1.0 ML

191
E

0.5 ML -

, I I I I

100 150 200 250 300 350
Temperature (K)

Figure 2. TMA/Al TPD spectra for various TMA coverages.

Product formation from DMAH and TMA

Figures 3 a and b show gas phase products detected
during TPD experiments for both DMAH and TMA reactants
respectively. In the case of DMAH, both methane (m/e 15) and
a product with a cracking fragment having a m/e - 129 are
observed. The contribution to m/e 179 by DMAH has been
deconvoluted from the spectrum. Cracking fragments with a
m/e greater than 174 (DHAH parent ion) were not detected in
the TPD experments suggesting that the m/e 129 peak is due to
a compound with a molecular weight less than DMAH.
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VThe presence of TMA dimer as a product would account for
Rthe m/e 129 peak and is just the reverse reaction of a known

synthetic route to DMAH from THA and hydrogen[6]. The
production of THA also would allow the production of pure
aluminum from the reaction of DMAH on aluminum (DMAH - 2/3TMA
+ 1/2H 2 + l/3A1), which has been found experimentally [5).

2 ML DMAHWe1

020

m/e 159

20(b)2 ML TMA 20
= 1 9 9m e 1 5

i mle 129

100 150 200 250 300 350

i Temperature (K)

Figure 3. a) DHAH reaction products, b) TMA reaction
~products.

The production of methane product is also found from the
surface reactions of both DMAH and TMA as shown in figures 3
a and b. The yield of methane is an order of magnitude
greater when DMAH is the reacting surface species than when
TMA is the adsorbed species on the aluminum surface. The
presence of atomic hydrogen bound closely to the methyl group
on DMAH might account for this observation. It has been
shown in previous work (8] that methyl groups deposited on
clean aluminum by methylhalides were not stable beyond 150 K.

~In this research we observe the production of methane between
~200 and 300 K implicating the existence of methyl groups at

temperatures nigher than 150 K. This observation suggeststhat methyl groups are stabilized in the DMAH and TMA
molecule (or in the decomposition fragments of DMAH and TmhA)on the aluminum surface. This stabilization of the methyl
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group might allow hydrogenation to occur producing methane
product and avoiding decomposition which probably results in
the carbonaceous overlayer.

SUMMARY

Temperaure programmed desorption and secondary ion mass
spectroscopy experiments have been presented for the DMAH/Al
and THA/Al systems. The results of this research are
summarized as follows-

1) DMAH is found to desorb from an aluminum surface in its
trimeric form and TKA in its dimeric structure.

2) Both DMAH and TMA leave residual carbon (surface coverage
of about 0.5) on the surface after the TPD experiments.

3) DMAH is found to produce about four times as much methane
product as TMA.

4) The research suggests that the surface reactions of DMAH
produce TMA as a reaction product and this pathway may offer
a pathway for the deposition of pure aluminum.
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MECHANISM OF CHROMIUM DEPOSITION FROM Cr(CO)6
BY UV LASER LIGHT
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ABSTRACT

The mechanism of metal film deposition from carbonyls as
precursors is discussed in detail. It is shown that different
species produced by UV laser irradiation in the gas phase
contribute to film growth. Highly reactive species such as
metal atoms may be important during the nucleation phase,
whereas more stable carbonyls are responsible for the main
growth process. This indicates that the main decarbonylation
effect occurs at the surface. The higher level of impurity
incorporation in chromium films in comparison with nickel films
is explained by the relative position of the Fermi level in the
d-band of Ni and Cr with respect to the 2w* level of CO, which
favors CO bond dissociation in the case of chromium.

INTRODUCTION

Laser-induced chemical vapor deposition (LICVD) is a
rapi sxpanding field. This is mainly due to the unique new
poss ties in materials processing and microelectronics
fabriL...on. Chemical vapor deposition of metals using
carbonyls as film precursors has been studied carefully in
recent years. For example, detailed results are available for
nickel (1-3] and for chromium [4-15].

Carbonyls possess a relatively high vapor pressure and
V strong absorption bands in the UV spectral region. Thus,

according to their spectroscopic and thermodynamic properties,
carbonyls are well suited as film precursors. The simplest
mechanism for deposition of a pure metal film from the metal
carbonyl with UV laser radiation would be selective excitation
and photodissociation of the weak metal ligand bond in the gas
phase and/or at the surface. The CO ligands should be desorbed
quantitatively from the surface. This simple concept fails, if
the strong CO bond dissociates in an autocatalytic process on
tho growing film, because the highly reactive 0 and C atoms
form oxides and carbides, which are incorporated into the
growing network.

The deposition of relatively pure films containing more
than 90% metal was reported for nickel t2,3] as well as
chromium [6]. Ho-ever, in the case of chromium this first
result never was confirmed. Careful experiments by different
groups showed th .t the typical chromium content is between 50%
and 60% for deposition from the hexacarbonyl using a pulsed KrF
laser at 248 nm [8,12,15] and between 20% and 40% employing a
frequency doubled cw Ar+ laser at 257 nm [10,11] (see Fig. 1).

A more detailed discussion of the differences between the
nickel and chromium system, based on a better understanding of
the reaction dynamics and surface chemistry involved, is the
purpose of this paper.

Mat. Res. Soc. Symp. Proc. Vol. 158. ©1990 Materials Re*eirch Soclety
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Fig. 1: Chromiun content of Fig. 2: Growth rate versus
Cr(O,C) films deposited by reciprocal square root ofpulsed KrF laser radiation hydrogen partial pressure for
[6,8,12,15]) and by requency chromium film deposition fromdoubled Ar+ laser radiation 2r(CO)6 at 248 nm.
(10,11].

EXPERIMENTAL

The deposition of the chromium films was performed with a
KrF excimer laser at maximum fluences of about 100 mJ/cm andpulse repetition rates in the range between 5 and 80 pps. The
chromium hexacarbonyl was supplied to the deposition cell by
saturating a carrier gas (e.g. argon, carbon monoxide) in a gassaturator with the vapor pressure of the Cr(CO) (about 0.2
torr) at variable flows of up to 50 scpm. The total pressure in
the deposition cell was varied between 60 and 900 bar. The
film deposition was performed on quartz substrates (Suprasil I)
at a laser beam spot diameter of about 3 mm or 1.5 mm.

The film growth was studied in situ by measuring the
transmission of a HeNe laser probe beam passing through the
growing deposit. Monitoring the film growth in situ with the
HeNe laser at 633 nm revealed that under the conditions of the
present experiments the change of the optical density with time
was nearly constant for film thicknesses greater than approxi-
mately 200 A. Therefore, a calibration of the optical trans-
mission curves with mechanically measured film thicknesses was
possible (Talystep profilometer). In all cases the film growth
could be monitored up to a film thickness of about 4000 A using
a sensitive photodiode for probe beam detection. More details
on the experimental setup can be found elsewhere [12-15.

RESULTS

Growth rate and nucleation time

The dependence of the deposition rate on laser fluence,
pulse repetition rate, buffer gas pressure, gas flow rate andsubstrate temperature was studied for film grhi h on the
ontrance wlndow (1] and the exit window 13,14] of the deposi-
tion cell. The results suggest that the kinetics is dominated
by gas phase processes under the conditions employed. A simple
gas phase diffusion model gives a reasonable description of
most measured dependences in terms of a diffus. n length [13).
For a simple diffusion model a linear dependence of the

mmm mos .mue eedne i em fadfu nlnt 1)
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deposition rate on the reciprocal square root of the pressure
is expected. Figure 2 shows such a plot for hydrogen as the
buffer gas. These results were obtained for a repetition rate
of 20 ppm, a flow rate of 25 sccm and a fluence of 87 mJ/cm
It is interesting to note that the corresponding deposition
rate for hydrogen is a factor 3-4 higher than for argon,
probably due to the higher value of the diffusion constant. A
diffusion limited process is also indicated by the I/ V depen-
dence of the nucleation rate, as shown in Fig. 3. In addition,
this figure illustrates the increase of the nucleation time
with hydrogen pressure. This analysis, however, gives no
further information on the nature of the species involved in
the growth process.

It is well known that unsaturated chromium carbonyls can
be obtained in the gas phase by a one photon process and Cr
atoms can be formed either by multphoton excitation or
sequential absorption of 248 rnm photons. The addition reaction
of unsaturated chromium carbonyls with CO is very fast and
occurs within an order of magnitude of the gas kinetic
collision process. This points to a small influence of Cr atoms
formed in the gas phase on the deposition rate. This conclusion
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Fig. 3: Nucleation time and Fig. 4: Nucleation time ver-
nucleation rate versus hydro- sus CO partial pressure for
gen partial pressure for chromium film deposition from
chromium film deposition from Cr(CO)6 at 248 nm.
Cr(CO) 6 at 248 nim.

is supported by experiments using CO instead of rare gases as
the buffer gas. In these measurements the in situ detection of
the growth rate allowed the separation of the nucleation time
from the main phase of film growth. The nucleation time
increased by less than a factor of two, when the CO partial
pressure was changed from zero to about 200 torr in the deposi-
tion gas as shown in Fig. 4. The decrease of the deposition
rate was very small as shown in Fig. 5 for different buffer
gases, repetition rates and flow rates. This finding indicates
that only chromium atoms and unsaturated chromium carbonyls
located within a few mean free path lengths from the surface
have a chance to reach the surface before recombination. These
hkghly active species may contribute to a larger extent to
nucleation, but cannot explain the measured growth rates. This
points to an important contribution of more stable carbonyl
molecules and possibly clusters to the deposition process. At

Ethe highest CO pressures studied (200 torr) a brown material
was deposited, which was no longer metallic.
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Fig. 5: Growth rate versus CO partial pressure for chromium
film deposition from Cr(CO)6 at 248 nm.

Film composition

The influence of buffer gases and pressure on the chemicalcomposition of the chromium films was investigated in detail byX-ray photoelectron spectroscopy [15]. Films deposited usingargon or helium as the buffer revealed a typical Cr concen-tration of about 60 at% and 0 and C contents of about 20 at%each. In these films oxygen was bonded predominantly as Cr203and carbon was bonded as Cr C [15). A second carbon and oxygencompound was found, which might be inserted CO. For hydrogen asthe buffer gas the highest Cr content of 72 at% was obtained,connected with a reduction of the carbon concentration by about10at%. The presence of additional CO during film depositionshowed that gaseous CO is a considerable source of film
contamination.

DISCUSSION

For pulsed UV laser deposition of chromium from Cr(CO)6 at248 nm the following scenario can be extracted from the recentdata. The kinetics is mainly determined by the diffusion ofactive species to the surface. Depending on the depositionconditions and the stage of film growth these can be Cr atoms,unsaturated or saturated car.'knyls. However, larger carbonylmolecules such as polykernel chromium carbonyl complexes andclusters cannot be excluded for certain deposition conditions
as direct film precursors. The results are consistent with amechanism where highly reactive species such as Cr atoms maycontribute predominantly to the nucleation phase and morestable species are responsible for the main film growth
process.

As a consequence, the laser pulses will induce decarbo-nylation, responsible for film growth, predomenantly in theadsorbed and chemisorbed phase. Dissociation of carbonyls inthe gas phase has an indirect influence on the growth process.The final decarbonylation process at the surface, however, isnot quantitative. Dissociation of CO molecules occurs on thesurface, presumably by dissociative chemisorption through aparallel *-bonded chemisorbed state as already detected on a
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Fig. 6: Comparison of the position of the 56 and 2r* levels of
CO with the shift of the Fermi level in the d-band of
transition metals.

Cr(llO) surface [163. Figure 6 shows a comparison of the posi-
tion of the CO 56 and 2w* levels with the position of the Fermi
level in the d-band of transition metals [17]. In the case of
nickel the 2%* level lies above the d-band leading to an inter-
action as required for chemisorption. For Cr, however, the
Fermi level rises above the 2r* level. This causes a stronger
interaction and increases the population of the 2r* level. This
effect allows the CO molecule to stretch and tilt toward the
surface and finally may be responsible for dissociation. Figure
6 explains why in the case of chromium the strong CO bond can
be broken by heterogenous catalysis, whereas in the case of
nickel this process is less pronounced.

In a similar way the effect of hydrogen as the buffer gas
could be hydrogenation of carbon compounds or intermediates at
the surface, leading to a reduction in the carbon content of
the film. The XPS analysis shows that mainly the smaller C-peak
in the XPS spectrum tantatively assigned to incorporated CO
disappears [15]. Thus, the effect of hydrogen is consistent
with a Fischer-Tropsch type catalytic mechanism.
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ABSTRACT

The fluorocarbon resin (Teflon) which is a very stable material
chemically, has chemical resistance. Because of this property, it has no
affinity for oil or water. Therefore, we have tried selective area
modification of the resin surface by using an excimer laser.

Fluorocarbon resin is a polymer of C-F bonds. In our experiment, the
resin surface was irradiated by an ArF exciter laser, of which the photon
energy is higher than that of the C-F bond, to excite the strong C-F oonds,
B radicals, the best combination for F atoms, were formed simultaaeously,
Consequently, F atoms of C-F bonds were pulled out by B radicals. B(CH3)3
with absorption in agreement with the wavelength of the Arr laser were used
as raw materials of the B radicals. By irradiating the gas by the ArF laser
beam, the photodecomposed B radicals functioned by pulling out F atoms, and
the other methyl radicals ( -CH3 ) substituted for F atoms. As the result,
this resin surface turned out to be oleophilic exclusively on the areas
exposed to the light.

Introduction

Development of functional materials employing a specificity of a
generating material and modifying its surface as wel! hes been studied

4 extensively in recent years. Especially, fluorocarbon resin has taken much of
our notice as a material due to its superiority of weatherability for use in
medical, chemical industries, and so on [1,2.31 . Accordingly, given a
function, fluorocarbon resin can be used in many ways and expected to be a
sensor and a catalyst.

There are two well-known modification methods for fluorocarbon resin
surfaces; one is a chemical modification to be done in a Na atmosphere, and
another is modification using RF plasma. In addition to the existing
methods, we propose here a method of selective surface modification by using
a laser (4,5,6,7) . The advantage of using a laser is that surface
modification can be done selectively. The surface of the sample is irradiated
perpendicularly by a laser beam in pattern form through a mask screen. In
this experiment, we adopted the ArF excimer laser which has high photon
energy. The C-F bonds, the main structure of fluorocarbon resin, were cut by
this beam, and the F atoms were substituted by other radicals. Then, the
surface of this resin was found to be oleophilic. In the photochemical
reaction, this functional resin would be utilized as a medical macromolecule,
especially artificial blood vessels and medical sensors. If the absent
positions of F atoms could be occupied by a metal or semiconductor films, it
would open up one approach to sensors and new materials.

In this paper, accordingly, we would like to report how the surface of the
fluorocarbon resin was changed to oleophilic as a foothold of that approach.

Mit. Rem. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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Photochemical Reactions
In general, in order to get a photochemical reaction by a laser

efectively, two conditions have to be satisfied. Firstly, absorption of a
material must agree with the wavelength of the laser; secondly, the laser's
photon energy must be higher than the dissociation energy of the molecules or
atoms of the material. Uv spectra of the fluorocarbon resin and D(CH.)3 gas
are shown in Fig. 1. They indicated that both the resin and the gas possess
strong absorption at the 193no wavelength of the ArF excimer laser.
Furthermore, the ArF laser's photon energy is 147 kcal, and the C-F bond of
this resin is 128 kcal/mol. The above two conditions, hence, are met. In this
way, an effective photochemical reaction is induced on the surface of the
fluorocarbon resin which is a chemically stable material.

On the other hand, as shown in Fig. 2, the fluorocarbon resin is composed
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of C-C bond, which is a nain chain of carbon. The dissociation energy of this
V C-C bond is 104 kcal/mol, lower than the ArF laser's photon enegy of 147

kcal. Still, it is lower than the C-F bond of 128 kcal/mol. Consequently, the
C-C bond is easier to cut than C-F bond by the ArF irradiation. And in this
case, it is impossible to achieve the aim of this experiment. The essential
aim is to cut selectively the C-F bond only. Even if the bond could be cut,
C and F atoms would be immediately coupled because of the high
electronegativity of fluorine. Under this situation, we have taken up the
fact that B atoms are easier to bond with F atoms than C atoms. The F atoms
were pulled out by B atoms, being substituted for by the other -.CH3
photodecomposed from B(CH3)3. In this photochemical reaction, the surface of
this resin was selectively turned to olenphilic.

Experimental set-up

Schematic diagram of the experimental system is shown in Fig. 3. The
reaction cell was produced from stainless steel containing a fused silica
glass window. The fluorocarbon resin sample, sizing in 10 x 20 am? was

ihoused in the cell. The reaction cell was vacuumed and then the B(CH3)3 gas
was sealedin. An image-pattern mask was set on the beam pass, and the ArF
laser of 193 nz was projected on the surface of the sample. The experimental
conditions were as outlined below: The B(CH 3)3 gas possess strong absorption
at 193 nm, therefore, between the incident window and the sample was 2 mm, of
which was obtained experimentally. When the oleophilic of the modified sample
become eminent, the contact angle with oil become small. Accordingly, on
laser fluence in three differrent gas pressures and shot number in three
different pulse repetitions, dependence of the contact angle are measured to
find the best conditions for modification. The parameter of these values were
ds following: the laser fluence, 12.5 - 50 @J/ca2 ; the gas pressure, 5 - 40
Torr; the shot number, 500 - 3000 shqts; the pulse repetition, 5 - 50 pps;

*The cenical structure which were reformed were measured by XPS and IR
analysis spectrum.

Results and Discussion

The fluorocarbon resin (NEOFLON FEP) Vas used as specimen. The sample
was put in the reaction cell. When the patterned ArF laser beam was
irradiated onto the Teflon surface, a changeing was not visible with the
unaided eye. But the oil were attached onto the sample surface only
irradiated parts. So we carried out XPS analysis for the purpose of
investigating the molecules' bonding of the modified surface. The
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Mirror I
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(Fluorocarbon resin)

Fig.3 Schematic diagram of

Reaction Cell the experimental apparatus.
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results are shown in Fig. 4. The analysis of deep layer was carried out by
Ar ion etching. The peak of F is was not observed on the surface, and it
appeared gradually while the surface being etched deeper. The figure
shows that fluorine at the surface was certainly pulled out by B atoms.
Measurement of IR spectra, then, was conducted to confirs whether the
substitution of methyl-radicals was completed on the surface. Especially,
considering that the modified surface was an extremely shallow layer, it was
done by ATR ( Attenuated Total Reflection ) method. The result is shown in
Fig. 5. As shown there, the two absorptions of methyl-radicals were
exhibited in vicinity of 2900 co-', which certified that the surface of the
fluorocarbon resin was substituted by oleophilic radicals.

"% 100 . . . . . . . . . . . . . . . . . .

F is

80
(b)(a)

a 60 -CH 3
C

-. 40
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700 680 4300 4000 3000 2000 1000 600

Eb C 2eV/div ) Wavenumber (caf')
Fig.4 Result of XPS ana- Fig.5 IR spectra of fluorocarbon resin

lysis as to F ls with (a) and without (b) ArF excimer laser

Next, the modified samples were soaked in acid and alkali to inspect if
the samples were chemically stable materials. The result is shown in Fig. 6.
The measurement of contact angle indicated in the vertical line is a general
evaluation method of oleophilic property: the smaller the contact angle is,
the stronger the property is. It is also shown that the contact angle was
little changed when the samples were soaked in H2SO4 and NaOH, and thry were
chemically stable materials as well.

The experiment was performed under the constant gas pressure of 40 Torr.
The laser fluence dependence of the contact angle in three different gas
pressures is shown in Fig. 7. It indicates that the contact angle was quite
large with the gas pressure at 5 Torr. When the pressure was, however,
increased gradually, the angle became smaller. Conseqently, the angle reached
almost 0 degree at 40 Torr, and the surface 0f the resin was modified
effectively. However, when the pressure went up over 40 Torr, the
intermediate products were deposited on the window. It means that no
effective modification on the surface was achieved [7] .

Next experiment was carried out under variable laser pulse repetition.
Then, the shot number dependence of the contact angle in three different
pulse repetitions is seen in Fig. 8. This figure shows, the value of the
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contact angle became smaller when thepulse repetition was increased (7] .
An example of the selective surfacemodification is shown In Fig. 9.

Photograph (a) was before surfacemodification . and (b) was after
surface modification. As thisphotograph, the selective surface (a) before surface modificationmodification of fluorocarbon resin
by using excimer laser was, thus,successfully achieved.1 1
Conclusion I M"

Selective surface modification of (b) after surface modificaUiothe fluorocarbon resin was carried outby ArF excimer laser. B(Cflf)3  gas was Fig.9 Photograph of selective surfaceused to achieve the study , and XPS modification of fluorocarbon resin byanalysis indicates that fluorine of ArF laser bean with printer's ink.the resin were certainly pulled out byB atoms photodecomposed from theB(CH);, IR spectra shows that being pulled out, the fluorine weresubstituted by the other methyl-radicals ( -CH3 ); consequently, it was clearthat the resin surface was exclusively turned to oleophilic. And then,modified samples were chemically stable eaterials against acid and alkali.Accordingly, based on these successful results, we would like to carry outfurther the study to medical sensors and new materials.
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ABSTRACT

Films of PMMA containing azobenzene were prepared by casting from
polymer solutions containing the probe or by exposing pre-irradiated films to
the vapor of azobenzene. These materials were irradiated at 335 nm and the
amount of trans azobenzene which had been photoisomerized was monitored4spectrophotometrically. The largest amount of photoisomerization was
observed for the pre-irradiated samples which had been penetrated by
azobenzene from the vapor, indicating that the created free volume allowed
the isomerization to proceed more easily.

INTRODUCTION

When polymers are exposed to ultraviolet and high energy radiation,
changes of chemical properties (scission or crosslinking) can be detected
experimentally and should be associated with changes in the physical

4 properties such as the local free volume [1-3] and glass transition
temperature [4, 51. These changes of chemical and physical properties affect
the solubility characteristics in the irradiated area of polymer films and play

i- a major role in lithographic materials [1-3].
Degradation of PMMA by various types of radiation such as ultraviolet, x-

ray, I-ray, electron and proton beams has been of interest both from the
basic and practical point of view [6, 7]. Exposure of PMMA films to these
radiation sources results in reduced molecular weight, the generation of
unsaturated bonds by the scission of side chains, the evolution of gaseous
products, and the appearence of the characteristic electron spin spectra of
propagating 18] and peroxy radicals [9]. These chemical changes should be
associated with the increase of local free volume (creation of micropores) in
the irradiated PMMA.

A detailed study of the factors affecting the dissolution rate of PMMA film
showed that the magnitude of the increase in the dissolution rate of
irradiated film could not be entirely attributed to the reduction of the
molecular weight [1, 21. The evolution of gaseous products, i. e., CO, C02,
HCO2 CH3 , CH4, and CH3 OH, would cause an increase in local free volume in
the irradiated film. Ouano observed indirect evidence of micropore
formation in the irradiated PMMA from a study of changes in the dissolution
rate (S) based on the solvent molecular weight (Ms) of a homologous series
of n-alkyl acetate solvents. As the micropores become more numerous and
larger with increasing radiation dose, the diffusion process of butyl acetate
and the higher acetate homologs becomes less hindered, thus the break in
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the logS vs. logMs becomes less pronounced. When PMMA films were
prepared containing Meldrum's diazo as a dopant, the dopant acted as a
mild retarder of film dissolution [101. Upon irradiation at 254 nm, CO, N2
and acetone as photoproducts di'frsed quickly out of the film leaving
microvoids in the PMMA films. This process led to a pronounced
acceleration of dissolution in the irradi'ted areas.

The presence of micropores in the polymer matrix permits increased
diffusion compared to the homogenous polymer - penetrant system [11].
Therefore, the formation of micropores should affect the sorption of
penetrants in the irradiated PMMA film. There are a variety of methods for
measuring the sorption of a penetrant in polymers [11, 121. However, these
methods are not easily employed for the determination of sorption in a
microthin film on a silicon wafer substrate. On the other hand, the sorption
of a species, which has a very high extinction coefficient (-104 I/mol-cm)
compared to PMMA film, can penetrate PMMA film and the amount of a
reporter molecule such as naphthalene absorbed in the irradiated PMMA
films can be easily determined spectrophotometrically.

In recent reviews [13, 14], the dominant factor in the
photoisomerization of labels in polymeric solids is the local free volume in
the vicinity of the label, because photoisomerization is strongly dependent
on the rotational mobility of the label in the matrix. Analyses of the
photoisomerization behavior of photochromic labels allows the study of
processes such as physical aging, plasticization, and volume dilation caused
by glassy deformation to be monitored sensitively. The free volume and the
size distribution of free volumes in polymeric systems have been probed by
the use of photochromic labels [15, 161. In this work, azobenzene was used
as a molecular label to study the formation of micropores in irradiated
PMMA film. Trans azobenzene located in a PMMA matrix is photoisomerized
when exposed to UV light of appropriate wavelength. The amount of
photoisomerization (trans to cis) of azobenzene irradiated for a specific time
was used to probe the formation of micropores in PMMA films by UV
irradiation.

EXPERIMENTAL

Sorption of Naphthalene and Azobenzene in Irradiated PMMA Films

An irradiated PMMA film on a quartz disk was placed in a chamber
containing napththalene or trans azobenzene crystals, which were used in
commercial grade. The sample disks were positioned at about 5 cm from
the bottom of the container to avoid contact between the crystals and the
films. The closed container was stored in an oven at 50 - 60 OC to increase
the rate of sublimation of naphthalene or azobenzene. Irmnediatetly after the
sample was removed from the sorption chamber, its UV absorption
spectrum was measured.
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Photoisomerization (Trans to Cis) of Azobenzene in PMMA Films

PMMA films containing trans azobenzene were exposed to a flash UV
light from a PRA flash lamp (Model 6199A) by using a narrow band
interference filter (335 ± 10 nm). The UN spectra of samples changed
photochemically were measured with a Perkin Elmer UV
spectrophotometer immediately after a given number of flashes.

RESULTS AND DISCUSSINS

There are a variety of methods for measuring the sorption of a penetrant
in polymer films. The most general procedures involve gravimetric and
volumetric determinations. However, these methods are not easily employed
for the determination of sorption in an ultra-thin film on a silicon wafer. On
the other hand, sorption in PMMA films can be measured
spectrophotometrically by using aromatic compounds as a probe.
Naphthalene (solubility parameter, 8 = 9.9 [cal/cm 3 I /2) was chosen as 'he
sorption species because its vapor does not dissolve PMMA films at 60 oc
and it is sublimed at a rate slow enough to be disregarded with respect to
the loss of naphthalene during the spectroscopic measurement.

UV-irradiated and unexposed PMMA films were exposed to naphthalene
vapor sublimed at 60 oc in the same vessel. The difference spectra of UV-
irradiated PMMA films before and after naphthalene sorption are shown in
Figure 1.

UV Dose
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1000
800
400"
200

[ 50

Film Thickness = 2.7 gm

288 228 248 268 28? 38 32o '7

Figure 1. UV Difference Spectra of UV-Irradiated PMMA Films before and
after Naphthalene Sorption at 60 oc for 3 Hours.
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The amount of naphthalene imbibed by these samples was dependent on the
incident dose. Under the same conditions, irradiated films imbibed more
azobenzene than unirradiated films or irradiated films which had been
annealed above Tg. PMMA films irradiated with electron and proton beams

showed a similar trend of naphthalene sorption. The concentration of
absorbed material was calculated from the UV difference spectra by using
Beer's equation and is plotted in Figure 2. The absorbtion of naphthalene in
PMMA films increases with longer exposure to radiation, then decreases
beyond a certain dose. The azobenzene sorption in UV-irradiated PMMA
films showed the same trend as naphthalene. These data indicate that the
creation of micropores in PMMA film by radiation could be indirectly
determined by the sorption. Further, the creation of the micropores may
have been limited by recombination of polymeric fragments beyond a
certain dose.
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~Figure 2. Plot of Naphthalene Sorption vs. Incident Dose in PMMA Film
(,, 3 gm) at 600C for 3 Hours. ;

SIt was reported that the free volume in the polymer matrix could be i

probed by the use of photochromic labels [13-161. Analysis of the :
photoisomerization beb.1vor of photochromic labels within local free volume
should be applicable to the study of the creation of micropores in a PMMA
film irradiated with UV light. In this work, azobenzene wsused to monitor
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the creation of micropores spectrophotometrcally. Azobenzene exists as the ,
extended trans Isomer under normal conditions, but upon irradiation at 335 6
nm it is isomerized to the compact cis isomer by rotation about the ,
weakened NffN bond in the e cited state. Clearly this isomerization process

S will be affected by the amount of space (local free volume or microporosity)
available on the molecular level as long as it Is small compared to the '
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molecular dimensions of the probe. The amounts of photoisomerization
(trans to cis) were compared in the various samples prepared by different
methods. Figure 3 shows changes in the UV spectra of azobenzene in PMMA
film upon exposure to UV light at 335 nm.

MAX8,5 A

No. of Flashes

300
C-L _ 489

.1 788

GNAW8,88 A

288 258 388 358 408 '58
~WAVELEINTH ANM)

Figure 3. Changes of the UV Spectrum of Azobenzene in Irradiated PMMA
Film by Exposure to UV Ught (335±10 rm).

The amount of photolsomerization of azobenzene can be determined from
the changes in the UV spectrum, assuming that the thermal and
photochemical re-isomerization (cis to trans) is negligible in the early
stages. Four PMMA samples, where azobenzene would be located in different
amounts of free volume, were prepared as described below.

(A) irradiated PMMA film was exposed to azobenzene vapor at
55 Oc for 24 hours. Most of the azobenzene would enter
micropores created by degradation of PMMA by UV light.

(B) A benzene solution of PMMA containing azobenzene was
used for spin-coating. When the resulting thin film was
baked at 130 oc for 30 minutes, only azobenzene remained

4 in the PMMA film.
(C) Azobcnzcnc was sorbed in PMMA film by exposing

unirradiated films to azobenzene vapor at 120 oc.
(D) Irradiated PMMA film was exposed to azobenzene vapor at

55 OC and annealed at 120 oc in the presence of excess

A

i | • m| | •i | • i l ••| iili |



azobenzene to prevent its loss during the annealing process.
The micropores should be collapsed and atobenzene would
be contained in the original (before irradiation) free volume
of PMMA Mim.

The concentration of azobenzene in PMMA was in the range of 0.3 -1.3

molecules per 100 MMA repeating units. The extent of photolsomerizatlon
of azobenzene in Table I clearly shows the dependence on the method of
sample preparation.

Table 1. Photolsomerlzation of Azobenzene from Trans to dIs

by 335*110 n UV Light.

Photoisomerlzatlon ffetrte

snts(trans t CIS)Cocnrtn
100 flashes 200 flashesofabeenper 100 repealing unit,

AAZB diffused 12.9 % 30.0 % 0.5 AZ&/100 MMA
AInto Irradiated PMMA film 1. 50% 03AB

7.4,%__ 10.8 % 0.6 AZB/"
8 AZB co-cast In PMMA film

S.4% 15.3 % 1.3 AZB/*
7.5 % 13.7 % 1.1 AZB/"

C AZB diffused Into PMMA film n
7.5 % 15.2 % 0.5 AZBI

AZB diffused and annealed 9.9 % 13.2 % 0.6 AZS/
Din Irradiated PMMA film 9.% 182% 05AB

The largest amount of photoisomerizatlon was observed for the pre-
irradiated samples (A) which has been penetrated by azobenzene from the
vapor, indicating the created free volume allowed the isomerization toI
proceed more easily. This result is direct evidence that a larger local free
volume was created In PMMA films after tJV-lrradiation.
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4
UV LASER-INOUCED ETCHING OF THE FIRST-ROW TRANSITION METALS

GEORGE W. TYNDALL, 18MN Almaden Research Center, 650 Harry Rd., San Jose, CA
95120.

FABSTRACT

The 248 nm excimer laser-Induced etching of Ti, Cr, Fe, Co, Ni, and Cu by 8r2
has been studied. The experiment consists of focusing the pulsed UV laser
beam at normal incidence onto the surface of a quartz crystal microbalance
(QCM) coated with lum of polycrystalline metal. Absolute etch rates are
determined as a function of the Br2 pressure and the laser fluence. On the
basis of the kinetic information, four mechanisms are proposed to explain the
etching of these transition metals.,

INTRODUCTION

Laser processing of materials in the microelectronics industry has become
widespread in recent years. The ability to promote localized chemical reactions
with laser light is currently used for the deposition of metals with submicron
resolution. In addition to depositing materials, lasers are also suitable
sources for inducing localized chemical etching processes. Metals are in
general difficult to etch via dry processes, which makes the laser-induced
chemical etching technique particularly appealing. Because laser etching can

C potentially lead to improvements in the spatial resolution of etched features
and a decrease in the number of defects, this process is an attractive
alternative to the wet lithographic techniques currently employed for
microcircuit patterning.

EXPERIMENTAL

The kinetic measurements reported in this work were performed using a quartz
crystal microbalance (QCM) as the substrate. The experimental apparatus has
been described previously [1]. We used 6 Mhz quartz crystals onto which the
metal films were evaporated. The QCM frequency was monitored with a frequency
counter interfaced to an IBM PC, The quartz crystals were mpynted in a vacuum
cell wypich was typically pumped to a base pressure of 10-  torr with a 14
1-sec mechanical pump. Br2 was introduced to the cell through a molecular
leak valve, and the pressure measured with a capacitance manometer.. The
excimer laser was operated at 10 Hz. A uniform portion of the beam was focused
onto the surface of the microbalance at normal incidence. The amount of metal
removed per laser pulse was determined from the change in the frequency of
the quartz crystal.

RESULTS AND DISCUSSION

We find that all of the metals studied can be etched In a bromine atmosphere
at moderate laser fluences, Representative data illustrating the typical
changes observed in the crystal frequency vs time are shown in Fig. I for the
case of a titanium coated QCM.; The decrease in the QCM frequency upon addition
of Br2 to the vacuum cell shown in Fig, 1(a) (no laser present), correspondsto adsorption of approxmately three to four monolayers of Br2 onto the crystal
surface. Upon evacuation of the cell, the QCM frequency increases by an
amount equivalent to the removal of less than one monolayer, indicating that
the remaining Br2 is chemisorbed on the titanium surface. Similar results
were obtained on Cr, Co, Fe, and Ni coated QCMs. The results obtained for
the adsorption onto a Cu coated QCM suggest a much greater quantity of bromine
can be adsorbed by Cu (see below). Fig. 1(b) shows the effect of irradiating
the microbalance surface with the laser in the absence of Br2. The dramatic
increase in the frequency of the QCM is due to the transient heating of the
metal surface induced by the laser. After approximately 10 seconds, the

Mat. Roc. So. Symp. Proc. Vol. INO. 01990 MaWals Rearch $*defy
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Figure 1. Frequency response of a titanium coated quartz crystal to: (a)
additign of 0.100 Torr Br2 to the vacuum cell (no laser present), (b) 300
mJ-cm- of 248 nm laser radiation incident on the surface of the QCM (no
etchant present), the arrows denote the time at which the laser beam Is
admitted (up) and blocked (down); (c) etching of an "air exposed" titanium
sample using 0.100 Torr of Br2, and a laser fluence of 300 mJ-cm-; (d)
etching of a "clean" titamium sample using 0.100 Torr of Br2 and a laser
fluence of 270 mJ-cm"2 .

frequency of the QCM stabilizes at a constant value. Upon blocking the beam,
the frequency drops to its original value. While heating of the QCM surface
obscures the first few seconds of the etching process, it does not prohibit
measurement of the etching rate. Fig. 1(c) shows the results of an etching
experiment performed on an "air exposed" titanium surface. The non-linear
dependence of the frequency change with time results from the presence of the
native oxide layer. Initially the oxide covers the entire surface and the
frequency change in time reflects the etching of the oxide by Br2. As the
oxide is removed, clean titanium is exposed and etched concurrently with the
oxide, At the end of the run, the oxide layer is completely removed, and the
frequency change with time reflects the etching of a "clean" titanium surface,
In Fig. 1(d) the results from an etching run in which the oxide layer was
etched prior to data collection are shown to be constant on the time scale
of the experiment. The etch rates reported in this work correspond to
experiments performed on "clean" metal surfaces.

The QC4 was used to measure the rates of the 248 nm laser-induced etching of
these transition metals by Br2 as a function of the incident laser fluence,
and the Br2 pressure. Over the range of laser fluences used, no net changeIn the QCM frequency is found in the absence of BrZ. Thus the material is

not removed by ablation of the pure netal surface, but requires interaction 1
of the metal with either Br2, photociemically produced Br radicals, or both
(see below).
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A. Titanium Etching

Al The dependence of the Ti etch rate on Br2 pressure Is shown In Fig. 2. The
etch rate increases rapidly over the pressure range of 0.005 - 0.090 torr as
Br2 adsorbs on the titanium surface,. Above 0.090 Torr the etch rate is
independent of Br2 pressure up to the highest pressures studied suggesting
that the uptake of bromine by the titanium surface saturates at this pressure.

-C

.3

0 100 200

Br2 Pressure (mTorr)

Figure 2. Dependence 9' the titanium etch rate on Br2 pressure, The laser
fluence was 275 mJ-cm

The laser f ence dependence of the titanium etch rate was measured from 100
- 400 mJ-cm and is s Twn in Fig., 3. The laser fluence threshold for obtaining
etching is 180 mJ-cm . Above this threshold the etch rate increases very

9 rapidly with laser fluence up to 320 mJ-cm-2, Above 320 mj-cm-2 the etch rate
is independent of the laser fluence. Qualitatively, the observed dependence
of the etch rate on laser fluence Is typical of a laser-induced thermal
desorption (LITD) process, The threshold laser fluence needed to observe
etching arises from the formation of aa etch product that is involatile at
room temperature, but which desorbs as the termperature of the surface
increases. The observed invartnce of the etch rate on laser fluence at
fluences greater than 320 mJ-cm"' results from the fact that all of the product
has been removed from the surface. Quantitatively, one cAn model the fluence
dependence of the etch rate to determine the desorption energy of the etch
product [2]. A good fit to the etch rate vs. laser fluence (shown as t e
solid line in Fig. 3) is obtained for a desorption energy of 172 kJ-mole' ,
These results are consistent wito the desorption of TiBr2 from the surface,
i.e. AHcub(TiBr2) = 168 W-molo" [31.

Based on the above kinetic measurements we propose that the etching of Ti by
ORR Br2 occurs via two independent steps: (1) formation, between laser pulses, of

a TiBr2 layer via the dissociative chemisorptlon of Br2 and (2) sublimation
of this product via laser-induced thermal desorption.

1 ' i-li -----
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figure 3. Dependence of the titanium etch rate on laser fluence, The Br2
pressure was 0.100 Torr and the laser repetition rate was 10 Hz.

B. Chromium. Cobalt and Nickel Etching

We find that the etching of each of these metals increases with increasing ...

Br2 pressure over the range of 0.005 - 0.100 Torr. Above approximately 0.100
Torr, the etch rate is independent of the Br2 pressure. We Interpret these
results in terms of the formation of a monolayer of dissociatively chemisorbed 0
BrZ. Above 0.100 Torr the etch rate is constant because the metal surface is
saturated with chemisorbed Br, and no further adsorption occurs.

The dependence of the etch rate on laser fluence for Cr, Co, and Ni are shown
in Fig. 4., The dependence of the etch rate on laser fluence for each of these
metals is qualitatively similar to the fluence dependence observed in the
etching of Ti, In each case a threshold laser fluence is found which is
dependent of the metal being studied. Above the threshold, the etch rate
increases rapidly with increasing laser fluence up to a certain laser fluence,
above which the etch rate is independent of any further increase in the
fluence. By fitting the observed lase- fluence dependence, we obtain desorption
energies of 79, 67, and 88 LI-mole -  for the products formed in the etching
of Cr, Co and Ni with Br2 respectively. We note that these values are
significantly lower than the sublimation enthalpies of any of the potential
metal halide products (3].

We propose that the etching of Cr, Co, and Ni by Br2 occurs via the following
mechanism: (1) formation, between laser pulses, of a chemisorbed Br monolayer,
(2) reaction of the chemisorbed Br with the metal surface, durinq the laser
Pulse, to form the metal dihallde, and (3) sublimation of the metal dihalide,
where the energy required for the sublimation is supplied by both the laser A
induced temperature increase at the surface, and the exothermicity of reaction(2).
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Figure 4. Laser fluence dependence of the etching of. (a) chromium and cobalt,
and (b) nickel, The Br2 pressure was 0.100 Torr in each case,

C. Iron Etchina

In the etching of iron by Br2, we find evidence of a third type of mechansim.
The Br2 pressure dependence of the etch rate indicates that bromination of
the surface occurs between laser pulses via the dissociative chemisorption of
Br2. In this respect, the mechanism for the etching of Fe by Br2 is similar
to those reported above. The difference between this system and the etching
of the other transition metals studied is that product removal does not proceed
via a thermal mechanism. The 248 nm laser fluence dependence of the etgh
rate is shown in Fig. 5. We observe a threshold laser fluence of 100 mJ-cm
Above this threshold, the etching increases linerarly with laser fluence. No
maximum in the etch rate was observed over the range of laser fluenc-s studied,
The 193 nm laser fluence dependence of the etcfiing of Fe is also shown in
Fig, 5. Again a threshold is observed (70 mJ-cm- ) and the etch rate increases
linearly with laser fluence above this threshold. The slope of the 193 nm
fluence dependence is less than that obtained at 248 nm. Since iron absorbs
more stongly at 193 nm, the removal of the reaction product Is inconsistent
with a thermal desorption mechanism. The linear dependence on laser fluence
is suggestive of a photon stimulated desorption process. The exact nature of
this process is unclear, but we note that the presence of the threshold
eliminates a number of otherwise plausible explanations, i.e. photodesorption,
and photodissociation of the reaction product, A similar dependence on laser
fluence has been observed in the 308 nm etching of GaAs by C12 (4), and in
the laser sputtering of semiccnductors and insulators (5). In these systems
material removal most likely occurs from the formation of electron-hole pairs
via photon a*orp+Von. In the present case, it is possible that a semiconductor
layer of Fe /Fe forms on the Fe su-face via formation of FeBr2 and FeBr3,

0. Copper Etching

Copper can be etched by Br2 at 248 nm, While the etching is extremely fast,
i.e. greater than 100 A-pulse- this process Is plagued by bromire diffusion

into the bulk of the copper film., For example, exposure of a room temperature
crystal to Br2 at 0.100 Torr results in the absorption of greater than 100
monolayers of Br2 in 60 seconds. These results are very similar to those
obtained In the etching of Cu with C2 (6]. Since this diffusion (and hence

9corrosion) makes this process of little practical use, this system was not
studied further.

A
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fjour . Laser fluence dependence of the etching of iron at 248 nm (1), and

193 nm (A). The Br2 pressure was 0.100 TorrV

CONCLUSIONS

The results of this work are summarized below. .55
Etchfg System Laser Maximum Etch "#tal Oesorptlon

Threshold Rat* Layers Energy
(a-c' 2) (A-pulse 1) Removed ( -le)

TI + Br2 190 6.2 2.7 172

Cr + Gr2 220 0.53 0.35 79

Co + Srz 115 0.54 0.27 67

NI + ar2 300 0.46 0.26 88

Fe + Or2 100 (248 no) > 1.1 (248 no) > 0.78
70 (193 no) > 0.6 (193 no) > 0.43

Cu + Gr2 --- > 100

We have demonstrated that each of the metals studied can be etched by bromine
at 248 nm. We have quantified both the laser fluence dependence and the Br2
pressure dependence of the etch rate for each metal. These measurements have

provided Insight Into the mechanisms by which these first-row transition metals

are etched by Br2.:
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PHOTOCHEMICAL AREA-SELECTIVE ETCHING OF Si AND Si02
USING SYNCHROTRON RADIATION

JUN-ICHI TAKAHASHI, YUICHI UTSUMI, AND TSUNEO URISU
NTT LSI Laboratories, 3-1, Morinosato Wakamiya, Atsugi-Shi,
Kanagawa, 243-01 Japan

ABSTRACT

Photochemical etching of Si and S102 using synchrotron
radiation (SR) is carried out. The etching rate of Si02 is much
higher than those of poly-Si and single crystal Si. The etching
rate of poly-Si increases as dopant concentration decreases.
These material selectivities are quite different from those for
plasma- or laser-excited etching. These new phenomena in SR-
stimulated etching can be explained by a reaction model that
contains reaction centers that are produced by both core and
binding electronic excitation of Si and fluorinated Si in the
surface layers. These centers are quenched by majority
carriers.

INTRODUCTION

The synchrotron radiation (SR) excited process has many
unique characteristics compared with conventional plasma- or
laser-excited processes. Concerning SR-stimulated etching of
silicon and silicon dioxide, we have already reported that the
surface reaction mechanism is dominant and that area-selective,
anisotropic etching can be achieved due to this reaction scheme
t1,2,3]. These characteristics suggest that material surface
photo-excitation plays an important role in SR-stimulated
etching. One of the most interesting etching characteristics is
material selectivity, not only because of its practical
applicability to the fabrication process but also for
investigation for surface reaction mechanism. From these
standpoints, we studied the material selectivity, including the

Tdoping effect on silicon etching and also studied wavelength
dependence of the reaction to specify the surfac, excitation
process. On the basis of these results, a reaction model for
SR-stimulated etching was proposed.

5EXPERIMENT

AThe experimental setup is shown in Fig.1. A radiation beam
with a horizontal acceptance angle of 2 mrad from a 2.5 GeV
storage ring at the Photon Factory of National Laboratories of
High Energy Physics (KEK-PF) in Tukuba was bent by 80 and focused
at the reaction chamber using a Pt-coated toroidal mirror. The
spectrum of the incident light beam ranged from about 20 to 1000A
in wavelength. For the purpose of wavelength selection a pair
of Pt-coated plane mirrors was set between the toroidal mirror
and the reaction chamber [3]. This method is based on the
principal that a spectrum of the vacuum ultraviolet (VUV) light
reflected on the mirror surface varies depending on a grazing
incidence angle. In our system, the grazing incident angles to
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Fig.1. Experimental setup
for SR-stimulated etching.

Slit a

the mirrors were varied simultaneously from 00 to 300. In the
case of 00 angle, the mirrors can be moved aside the beam pass so
that the SR white beam can be utilized. The incident beam was
introduced perpendicular to the sample surface. The avera~e
beam spot size at the sample surface was about 3x4 mm
Reaction gas, 100% SF6 , was fed into the reaction chamber.
Total pressure of the reaction chamber ranged from 0.05 to 0.13
Torr. A large amount of pressure difference between the beam
line and the reaction chamber was sustained by differentialvacuum pum;ing.

The samples we used for the investigation of material .

selectivity were SiO and Si. The SiO samples were thermally
oxidized films of single crystal Si water, vitreous quartz and
crystalline quartz plates. The Si samples used were single
crystal Si wafers and two kinds of CVD films; sample groups A and
D. Sample group A was silicon films formed by using low
pressure chemical vapor deposition (LPCVD) at 500°C, in which
phosphorous atoms wre in-si u doped from PH gas to a
concentration of 2xl0'u atoms/cm. Two of them wire annealed7
for impurity activation at 650, and 800 0 C. It is confirmed by
using Raman scattering measurement that the unannealed sample was
amorphous and 650 and 80000 annealed ones were polycrystalline.
Sample group B was silicon films formed by using LPCVD at 6250C,
in which boron o phoso orous w s ion-implanted to a
concentration of 1019 - 10 atoms/cm' after deposition. The
implanted samples and undoped one were separately annealed at90000 in a nitrogen atmosphere. These samples were confirmed to 1

be polycrystalline with Raman scattering. The dopant
concentration and resistance of the samples were measured by
using secondary ion mass spectroscopy (SIMS) and four point probe
method, respectively.

RESULTS

The etching rates of Si sample group A and SiO 2 are shown in
Table I. The etching rates are presented as etched volume per
dose (storage ring current x etching time) under the equivalent
condition (total pressure 0.13 Torr, substrate temperature 300K,
Pt mirror angle 30) in all cases. The etched volume was
estimated on the basis of etched depth distribution, which was
obtained by using a stylus step profiler. The Si etching rate
drastically decreases above the annealing temperature 6500C at
which crystallization and activation of dopants occur. The
etching rates for Si0 2 are larger than for Si and there is not a



Table I. SR-stimulated etching rate of Si and SiO2 on the
condition Of SF6 total pressure 0.13 Torr, substrate temperature
300K, and Pt mirror angle 30.

MATERIAL ETCHING RATE

(10-8 cm3IA min*)

Si: P-DOPED Si (AS DEPOSITED; AMORPHOUS) 34
(ANNEALED at 6500'C POLY-CRYSTAL) 7.6
(ANNEALED at 8000 C POLY-CRYSTAL) 6.6

SINGLE CRYSTAL 0

S0;THERMAL OXIDE 52
80:VITERIOUS QUARTZ 45

CRYSTALLINE QUARTZ 36

*DOSE - STORAGE RING CURRENTWA x ETCHING TIME (min)

very strong dependence on the crystallinity. These results
suggest that the etching reaction strongly depends on the
electrical conductivity.

This suggestion becomes more clear by investigating the
dopant concentration dependence. The etching rates of sample
group B as a function of sheet resistance are shown in Fig.2.
The etching rates are presented as desorbed Si atom number per
dose under the equivalent condition (total pressure 0.08 Torr,

I,__*______________
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d' 0 ~ -t S

t 101 P-depgd 0-dope

I ft-type) 00doped lp-lype I
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Fig.2. Etching rate of poly- Fig.3. Dependence of SR.-
Si as a function of sheet stimulated etching rate on
resistance on the condition of substrate temperature on the
SF% total pressure 0.08 Torr condition of SF to0tal1

OFan asubstrate temperature pressure, 0.13 Torr anA dose 22
Y 300K. A min.ih-3-2_



substrate temperature 300K). The etching rate was increased
with decreasing dopant concentration, regardless of the typr
conductivity. The broken line is for white SR and the
line is for a mirror angle of 5° . Because crystallinity of this
sample group is equivalent (polycrystal), the decrease in etching
rate is due to electric conductivity increase. This is quite
different from what happens during plasma- and laser-excited
etching, particularly for n-type crystals.

The substrate temperature dependence of the SR-stimulated
etching'rate is shown in Fig.3. The filled circles are for SiO
(thermal oxide) and the opened circles are for P-doped CVB
silicon films (group A) as deposited (amorphous). It appears
that the effective activation energies for these reactions are
negative, in contrast to the situation for plasma etching [41.
This result suggests that the etching reaction is induced by
photo-excitation of the substrate surface, and not by the thermal
effect. It is supposed that the reason the substrate
temperature dependence for the amorphous Si is much steeper is
because it includes the temperature dependence of conductivity.

In order to clarify the surface excitation process, we
investigated the wavelength dipendence of the etching rate. In
this experiment, the spectrum of the irradiated SR beam was
changed by varying the Pt mirror angle in the middle of the beam
line (See Fa 1). The spectra of the SR beam we used in this
experiment a each mirror angle is shown in Fig.4. Without a
mirror in the figure means a white SR beam. The spectra are
expressed as the number of photons irradiating on the sample
surface, which were calculated from the theoretical SR spectrum

10 X IO
Pt MRR

- ~ 4-

TI 

--- CAM C

2z

10 100 1o 0 0 0 0 30

WAVENGTH a) MIRROR ANGLE (dWg.)

Fig.4. SR spectra irradiated Fig.5. Wavelength dependence
on the samp3e surface for of SR-stimulated etching of
various mirror angles. SiO 2 on bhe condition of SF

total pressure 0.05 Torr and
substrate temperature 300K.
The etching amounts were
attained by corresponding SR
doses shown in ?ig.4. Broken
line indicates calculated
value according to the
reaction model.
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of this beamline, reflectivity of the Pt mirrors at these angles,
and the photo-absorption cross section of SF6. It must be noted
that the irradiation dose was changed for each mirror angle so
that a moderate amount of etching could be observed in each case.

Figure 5 shows mirror angle dependence of Si02 etching
amount under the SR dose indicated in Fig.4. In Fig.5, a 0
mirror angle means SR white beam irradiation without Pt mirror
reflection. The etching proceeds well at low mirror angles,
which corresponds to a wavelength between about 20 and several
hundied A. In general, high energy photons have a large
influence on the etching. The broken line in the figure

Eindicates the calculated etching amount according to the reaction
model which is mentioned in the discussion section. The total
etching amount is assumed to be proportional to

V(Sio2 *) x V(SF6*)
4 dt (,)

where V(Si02*) and V(SF6 *) are excitation rates of SiO and SF6 ,
respectively. The integration is carried out during te etching
time. In this calculation, it is assumed that the excitation of
core electrons (Si2 , 02s) of Si02 has as much an influence as
that of binding elecprons. However, the discrepancy between the
experimental and calculated results in low grazing incident
angles, especially in the case of white beam irradiation,
suggests that the assumption is not valid and that the excitation
of the core level contributes to the etching reaction much more
than that of the binding energy excitation.

DISCUSSION

Dopant concentration dependence is quite different from that
of other dry etching processes [5,6]. In plasma or excimer
laser etching using fluorinated gas, n-type silicon etching rate
is greater than that of undoped or p-type silicon. Furthermore,
the n-type silicon etching rate is increased with increasing
dopant concentration. In these works these phenomena are
explained as a free electron transfer [5] or a valence electron
transfer [6,7) mechanism through the surface fluorinated layer.

In our SR-stimulated etching case, the material selectivity
and substrate temperature dependence strongly suggest that photo-
excitation of the substrate surface is important and the etching
rate depends on material conductivity.

It is well known that "self trapped excitons", which are a
kind of crystal defect, are formed by the electronic excitation
of insulating crystals such as halogenated metal and quartz, and
that photo-induced defects are generated in amorphous Si. It is
quite probable that these kinds of defects are centers for
photochemical reactions in the solid or on the surface. The
present data on the material selectivity of etching strongly
suggest that these kinds of excitations contribute to the etching
reaction. In addition, it is known that fluorine atoms or ions
adsorbed on the surface diffuse into the substrate during etching
using fluorinated gas, resulting in the formation of a surface
insualtirn layer of fluorinated Si [5,7]. With these
considerations in mind, the reaction model for present SR-
stimulated etching is proposed as follows:

k(1) SF6 ib decomposed by the SR excitation in the gas phase or on



the surface, and a fluorinated layer is formed on the surface.

(2) Reaction centers are produced by the excitation of Si or
fluorinated Si.

(3) The reaction centers react with the surrounding F atoms to
produce volatile SiFn molecules. From the pressure dependence
of the etching rate, h is assumed to be 4 (2].

It is speculated that the reaction centers are less stable
in materials with a higher conductivity. The effect of doping,
that is, etching reaction rate reduction with increasing
conductivity, can be interpreted as a quenching of the reaction
centers by majority carriers.

For the purpose of constructing a precise reaction model, it
is necessary to have more detailed information concerning the
surface state or desorbed species.

CONCLUSION

Material selectivity in SR-stimulated etching of Si and SiO
was investigated. The etching rate depends on the electrical
conductivity. This result can be well explained by the reaction
model, which is based on quenching of excited reaction centers by
majority carriers. On the basis of the experimental results

concerning the wavelength dependence, it is assumed that the
reaction centers are produced by both core and binding electronic
excitation of Si or fluorinated Si in the surface layer.
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LASER-BASED AREA-SELECTIVE PROCESSING TECHNIQUES
SFOR HIGH-DENSITY INTERCONNECTS

Y.S. LIU and H. S. COLE
GE Research and Development Center; P.O. Box 8, Schenectady, NY, 12345

ABSTRACT

This paper reviews several laser-based area-selective processing techniques
developed for high-density multichip interconnection applications. Key material and
process requirements for the development of a viable laser-direct-write interconnect
technique on polyimide are addressed.

1. INTRODUCTION

The rapid advances in VLSI processing technology have outpaced the development of
the electronic packaging and interconnect technology. Shrinking feature sizes, increasing
gate density and clock rates have made electronic devices faster, and more complex.
As a result of the increasing number of pin-counts and power dissipation, the VLSI
packaging and interconnect become a very complex task. The chip-to-chip delay is

coming a limiting factor of the system performance. To reduce the chip-to-chip
interconnect length and improve circuit performance, multichip module packaging and
high density interconnect are the key technologies.

Laser processing has been shown to be a viable technology for depositing and/or
etching a variety of metals and dielectric materials and has been the subject of many
research activities. [1-3]. Laser metal patterning on polymers, either direct-write
orprojection patterning, is particularly relevant to hih-density interconnect. For
HI applications, the relatively long focal depth achievable with a Gaussian laser
beam is a very important propety which is unique to laser processing. [4] This pro-
perty is particularly critical when the substrate surface is not completely planar,
as is frequently encountered in po' ,nide structures. For HDI applications, key laser
process steps include fabrication of micro-vias and metal interconnects. In the fol-
lowing sections, several laser-based processing techniques that have been developed
for HDI applications are discussed.

2. HIGH-DENSITY INTERCONNECT TECHNOLOGY (HDI)

Various HDI approaches have been developed. The topic has been discussed in a review
paper by Neugebaur et al [5] and the results are summarized in Table 1. The Table
also illustrates the requirements of various HDI technologies in terms of substrate,
meal, dielectric materials, method of patterning chip attachment and interconnect
technology. As the Table shows copper or aluminum is the most commonly used metal
for high-density multichip interconnect, while polyimide is the most commonly used
dielectric material due to the fact that the polymeric material is compatible with
the standard IC processing technology, has good thermal stability, and more impor-
tantly, has a low dielectric constant. Therefore, it reduces capacitive coupling

Mat. Rn. Soc. Symp. Proc. Vol. 1s. 61o MatOrals Research 8ociety
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between metallization stripes and results in higher device speeds when it is used as
the dielectric material.

Among those HDI approaches described in Table 1, only GE [6] and Livermore [7]
utilize lasers as the processing tool for fabrication of interconnect structures.
Although the two processes differ significanty in interconnect fabrication, use of
the adaptive and maskless laser processing tehnique makes these processes suitable
for quick turn-around prototypiig design. In addition, higher degree of precision and
interconnect resolution are also better achieved with laser techniques.

In the GE HDI process using an overlay structure, bare chips are mounted into
recesses in the substrate. A polylmide sheet is laminated over the chips, vias are 2
drilled to the chip pads, and interconnect lines are formed on the polyimide surface.
This is followed by applying the new dielectric, fabrication of the vias, and inter-
connects paths for the upper signal layer with the line direction generally ortho-
gonal to those in the lower layer. The entire process for via formation and metal
patterning steps were carried out using an adaptive laser lithography system, summar-
ized briefly as follows: [6]

HIGH PERFORMANCE INTERCONNECT TECHNOLOGIES -
MULTI-CHIP HYBRID MODULE

USER SUBSTRATE CONDUCTOR INSULATOR CHP ATTACH MODULE Ito
MATERIAL WIDTH THICKNESS PITCH

MOSAIC SI Al I1 2 22 lo, WUE.UONP WIRES.ONO

IBM AI,0. Cu 1 6 26 POLYIMDE SOLDER*BUMP PIN-oI.
ARRAY

HONEYWELL IN Cu so 5 12S POLYIMIDE WIRE-BOND WIRE.BOND
TAP-BOND

ATT SI Cu 25 5 SO POLYIMION SOLDERBOND PIN-GRID-
ARRAY

RAYCHEM I Al 40 5 100 POLYIMIDE WIRE-SOND WIRE-BOND

G Al, 0, Cu 25 5 75 POLYIMIDE OVERLAY WIRE-BOND
THIN FILM

LIVERMO SI Au Is a 25 BID, BIVELED EDGE WIRE-BOND
THIN FILM

Table 1 - High Performance Multichip Module Interconnect Technology. (Ref.1)

nmuu m n n • mm unm m un • amumm n
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A laser is used to cut recesses in an alumina substrate with a thickness chosen
to be slightly less than that of the thinnest chip. Power/ground lines and I/O pads
are formed on the substrate by aluminum deposition and patterning. Tested bare chips
are then bonded into the recesses in the substrate. An image scan locates the chips
and their pad positions. A polymer adhesive layer is sprayed over the frame and chips
and a sheet of Kapton is laminated to the frame and chips using heat and pressure.
Vias are then drilled by a laser over the chip pad positions. Polymer debris and
residues are removed by plasma etching. The via formation step is followed by inter-
connect metallization. The signal metallization is patterned by exposing a negative
resist using a laser. A subtractive process is used to define the interconnect path.
Chip misalignment is accommodated by computer-adaptive writing. The ideal chip pad
locations and interconnect network are stored in software. Comparison of the actual
positions of two chip pads in a slightly misaligned chip serves to define the real
position of all pads in a particular chip. The final interconnect configuration is
then achieved by introducing slight modification in order to adapt to the actual chip
pad positions. The next signal layer is built up following a process sequence similar
to that of the first layer. The polyimide dielectric layer is spun over the first
metal layer. Via holes are opened with the laser, and metal deposition and patterni
are carried out as before. Power and ground lines can be incorporated into the signal
layers, or, for better impedance control, separate power and ground planes can be
formed between, on top, or beneath the signal layers. A thermoplastic adhesive layer
is used to bond polyimide to the chips and substrates. This allows removal of theoverlay and rework without damage to the chips. Since the chips are mounted in the
substrate with a thermoplastic adhesive, they also can be individually replaced
during the rework procedure. Additional advantages of this approach for multichip
packaging include rapid prototyping, quick design changes, and high-density intercon-
nect of 50 micron pitch.

J II

Fig. 1 - Optical Micrograph showing micro-vias fabricated in polyimide film of
25 micron thick using a frequency quadrupled UV YAG laser. The pad size is 100
microns.
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3. LASER-BASED PROCESSING TECHNOLOGY FOR HDI

3.1 Laser Fabrication of Micro-Vias

Fabrication of micr-via in polyimide has been successfuly demonstrated using
various lasers as the source. [8]. The mechanism of laser via drilling has been
attributed to a combination of photo- and thermal- processes, depending on the
wavelength and the type of laser used. The use of eicimer lasers for via drilling in
polyinude has attracted particular attention and has been the most extensively stu-
died micro-vias drilling technique [9]. Etch rates are typically on the orer of a
fraction of a micron per pulSe at a Ience level of severalhhunred mllijoules per
square centimeter. The fabrication of blind micro-via holes using KrF excimers
for IC printed circuit board with high process through-put has been recently repor-
ted. [10] Although excimer lasers produce high quaity micro-via holes, the drilling
speel and thus t process through-put are lmited by the pulse repetition rate in
the process requiring serial drilft We have overcome this problem by employing a
high rept rate.Switched YAG laer frequency-quadrupled to UV at rm.
We were able to achieve high speed drilling of inicro-vms at a drilling speed up to
several milliseconds per via hole which significantly improved the process
throughput. Fig. I is an optical micrograph showing nucro-vias fabricated using a
frequency-quadrupled UV YAG laser in pol ymide film of about 25 um thick. Specific
physical properties of the polymer, such as absorption coefficients and thermal sta-
ity, and match to the appropriate laser wavelength must be taken into account.

3. Laser Area Selective Metallization

Several laser area selective metallization techniques for high density interconnect
applications are discussed in the following sections. Techniques include laser pat-
tering of photoresist used in conjunction with thin film metallization processes,
laser surface modification for selective metallization, and selective elewrolytic
metal deposition.

Laser Patterning Photoresist -

Use of laser to pattern photoresist followed by conventional thin film metal-
lization processes is being used in the current HDI process for fabrication of inter-
connect paths using either additive or a subtractive metallization process. 112,13]
In the additive approach, a thin adhesive metal such as chromium or titanium is sput-
tered followed by deposition of thin copper. A photoresist layer of about 25 urn is
coated over the sputtered metals, laser exposed, and developed to form the desired
interconnect patterns. Thicker copper a then electroplated to a thickness of 3 to 6
um. After the resist is removed, te sputtered metal is back etched to yield the
final interconnect metal pattern. In a subtractive process, the electroplating and
photoresist steps are reversed. Use of laser to pattern photoresist is a useful tech-
nique as long as the substrate surface is reasotably planar. In HDI procesing using
polymer overlays, the substrate surface is not completely planar and therefore the
resist uniformity becomes a problem The variation of iesist thikness could lead to
nonuniform exposure and development, and thus limit the interconnect resolution.
special resists With lower values of absorbance at the exposure laser wavelength have
to be developed to accommodate the topography non-uniformity.
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Laser Surface Modification -

An alternate approach to resist patterning is to utilize laser selective metal
depstion, either direct-writing or projection atterning to form the interconnect.key requirement for the development of a rect-write process compatible with mul-
tichip interconnect is the writing speed. For interconnect runs of total length of
several meters, a writing speed must be greater than several cm/s in order to achieve
an accyptable process throughput [12]. A review of various gasphase photolytic and

olytic laser directwrite ~rocesses has shown that thermally induced processes
ave usually higher deposition rates over photochemical ones 13]. Although many

interesting photochemical deposition processes have been reported [5), none of the
reported processes are able to provide a writing speed fast enough to be useful for
direct-write in HDI applications. Further research effort in this area is certainly
warranted. Our apprach to improve writing speeds is to utilize a two-step process,
namely, laser irradiation is first used to area selectively modify the polymer sur-
face, then followed by a batch thin film process to yield interconnect patterns of
desired dimension and thickness. Several processes using this approach have been
developed using the two-step process using either electroless or electrolytic metal
deposition, andare described in the folloiing section.

Selective Electroless Metal Deposition -

Electroless deposition has been commonly used for deposition of copper on non-
conducting substrates such as polymers. The electroless metal deposition is also
useful for providing thin copper film on polymer substrates for further electrolytic
deposition to form a thicker metal layer. Among several selective metallization tech-
niques we have developed, two processes are described as follows: (1) Positive metal
patterning technique: Use of an Argon laser to selectively deposit a trace amount of
palladium on polyimide surfaces. The surface area exposed to the laser thus becomes
catalyzed and is selectively metallized when the sample is placed in an electrolesscopper solution. (2) Negative metal patterning technique: an excimer laser is used to
desensitize a polyimide surface, and thus inhibit the exposed area from metallization
when the sample is placed in an electroless plating bath. These two interconnect
metallization technques have been previously discussed 1141 and are briefly summar-
ized below.

Fig. 2 schematically illustrates the positive metal patterning technique in
which an Argon laser is used to selectively catalyze a polyimide surface. A Pd-
ontaining organometallic compound such asp paladium aetate (PdAc) was dissolved in
chloroform and spun on the polyimide surfae. 114, 151 A 351-nm ar~gon laser was used
to direct write the surface to thermally decompose the or~anometalic compound. The
Pd-surface conentration was controlled by varying the initial amounts of PdAc dis-
solved in the solvent. After irradiation, the sample was immersed in an electroless
copper plating solution and copper was selectively deposit onto the surface areas
exposed to laser writing. Fast witing speeds of severa cm's/sec were achieved. Only
a few monolayers of palladium are required to catalyze electroless copper deposition.Because of the stron. absorption of polyinide at 351 nm, local hea"ting induced by
laser radaton on me poimide suraces termay decomposes PdAc at a laser
power of a few rilliwatts. Pig. 3 shows optical micrographs of copper lines

ew~~m mm mm a • J
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LASER-ACTIVATED COPPER DEPOSITION
- THIN FILM APPROACH

I DISSOLVE OROANOMETALLIC IN SOLUTION
AND SPIN ON, THEN LASER ACTIVATE

Fig. 2- Schematically illustrates the
positive metal patterning technique inwhich an Argon laser is used to selec-tively catalyzed a polyimide surface.A Pd-containing organometallic compound 2. RINSEsuch as palladium acetate (PdAc) wasdissolved in chloroform and spun on 

THIN Pd FILMthe polyimide surface. [14,15]

3 ELECTROLESS Cu DEPOSITION

Laser.Acivaled Cu Deposition on Polyimide
(Argon Laser aI 351 nm, 20 rW, 2 mins)

Fig. 3 - Optical micrographs of copper
lines fabricated on polyimide using
two-step laser surface modification
technique descirbed in the text. 1OO M

20 ;,,T



fabricated using this technique. Depending on power and scan speed, copper line
widths of about 7 to SO um with a thiclmess of 1.5 um have been fabricated.
Recently, this technique has been further developed and demonstrated using excimer
lasers [16], incoherent VUV source, [17] and synchrotron source. [18]

The negative patterning process is illustrated in Fig. 4 in which an excimer
laser is used to desensitize the polyin'de surface which has been spin-coated with a!thin layer of Pd-containng compound. After the sample surface is exoe to te

te hesrae nete raitigfune saoe etintrsol eeexcimer laser using a contact mask or projection method. The laser radiation desesi-

~~value depen'ing on the wavelength of the excimer laser usd. After the irradiation,
the sample is immersed in an electroless copper plating solution to form a copper

pattern shown in Figure 4. Due to the strong absorption of polyimide at both-l93 and
248 nl, the thresod fluence was observed to be as low as 20 rJ/cm2. Once the

exposed laser fluence exceeds the threshold level, the copper patterns formed were

found to be almost identical independent of the number of iradiating pulses.

~EXCIMER LASER SELECTIVE METALLIZATION

A. Surface Senmitization

1:

B. Excimer Laser Patterning

C. Selective Metallizateon

Fig. 4- Schematc of neative laser metal patterning technique - An excimer

laser is used to esensitze the polyimide surface which has be en spin-eaoted
with a thin layer of Pdl-containing compound. The sample surface s exposed to
the excimer laser using a contact mask or projectioun method, and the desensi-
tized surface thus inhibits the electroless copper deposition.

im iu I r of nN mt e llg n u nrme u
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Selective Electrolytic Deposition -

Electrolytic deposition is a common process used for metallization in electronic
packaging and printed circuit board fabiication. The deposition rate is fast, and
metal patterns of several microns thick can be readily fabricated using the electro-
lytic deposition method. Patterning a s un-on photoresist is commonly used for fabri-
cation of metal interconnect patterns, followed by either an additive or subtractive
electrolytic deposition process for form the final interconnect paths.

In the course of our studies of surface modification techniques, we have
discovered that electrolytic copper deposition takes place seleWtively on certain
metal surfaces such as copper and gold, but not on certain other types of metal such
as titanium. The presence of thin but hiphly resistive surface titanium oxide layer
is attributed to the selectivity observed m the electrolytic deposition process.
This kind of subtle difference in surface property has led to the development of
Selective Electrolytic Deposition (SED) process which is illustrated schematically in
Fig. 5. The initial structure is a Cu surface deposited with a thin Ti film about 40
nm thick. The thin Ti layer is patterned and serves as a mask. The copper lines are
selectively deposited onto the Cu surface when this kind of structure is placed in an
electrolytic copper plating solution. A test structure of copper lines fabricated
usin the SED process on polyimide is shown in Fig. 6. The process is highly selec-
tive if an appropriate combination of metals are used, and 6 urn copper lines have
been fabricated with a thickness of 3 um. Work is in progress to further understand
the fundamental mechanism of the SED process and to apply this technique to HDI
structures.

4. DISCUSSION

The laser surface modification reactions described here provide a sensitive technique
for area selective metallization. Both direct-write and projection patterning techni-
ques can be used to produce interconnect structures. However, several technically
challenging problems remain to be solved in order to make laser processing an impor-
tant processing tool for the high density interconnect technology. First, any
direct-write interconnect process must be capable of achieving low-resistance con-
tacts to contact pads as well as having good adhesion to polyimide. Secondly, techni-
ques have to be developed to accommodate large differences in thermal conductivity
and optical reflectivity between the polyimide surface and the region in the vicinity
of the metal contact pads underneath the via holes. Thirdly, a laser direct-write
interconnect process must be compatible with the metal adhesion layers used. Lastly,
adhesion of metal interconnects using laser direct-write processes is also affected
by oxide formation on the primer layers used. This oxide layer must be removed prior
to deposition of the catalytic surface. Use of inert environents during laser depo-
sition or selective catalytic desensitization is required.



SELECTIVE ELECTROLYTIC DEPOSITION (SED)

Piepare Surface

-Tl
Cu

Substrate

Pattern TI

-TI
~Cu

Substrate

Selective Electrolytic Deposition

Cu
Substrate

Fig. 5. -The initial structure is a Cu surface deposited with a thin Ti film
of about 40 nm thick. The thin Ti layer is patterned while the remaining thin
Ti layer serves as a mask. The copper lines are selectively deposited onto the
Cu surface when this kind of structure i placed in an electrolytic copper
plating solution.
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SELECTIVE ELECTROLYTIC DEPOSITION
OF COPPER

Process

- Sputter Thin Ti (1000 A) on Cu (1000 A)

- Pattern Ti

- Selective Electrolytic Deposition of Cu (3ym)

~-77'

Fig. 6 - Copper lines fabricated using the Selective Electrolytic Deposition
process described in the text.
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In summary, surface modification using lasers provides a sensitive technique for
interconnect metallization. A positive selective metallization process in which an
organometalic palladium compound is laser decomposed to form palladium catalyst for
selective electroless cop per deposition has been described, and a negative metal pat-
terning process in which a polymer surface is desensitized using laser-ablated
catalyst has also been shown. In addition, we have also discussed a selective elec-
trolytic deposition process vhich is particularly useful for Cu/polyimide structures
for HDI applications.
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WITH LASER INTENSITY MODULATION
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ABSTRACT

Thermal laser-induced chemical vapor deposition of gold deposits has been studied using
a modulated Ar+ laser. Deposition of gold from dimethylgold hexafluoroacetylacetonate is
accompanied by surface melting of the deposit when the laser source is modulated. Time-resolved
reflectance measurements have been used to study the surface reflectance during growth with
modulated and unmodulated laser source. The reflectance measurements indicated that surface
melting does not occur under unmodulated cw irradiation at equivalent laser intensities.
Variation in the modulation duty cycle indicates that there is a minimum laser-off cycle time
length required for surface melting to be observcl. Evidence is presented which suggests that
s'irface melting is due to the heat released by the exother-iic decomposition of reactant adsorbed
during the time that the laser intensity is off.

INTRODUCTION

Laser-induced chemical vapor deposition (l.CVI)) of metallic gold has been studied under
a range of experimental conditions.{l} The shape and morphology of the polycrystalhnc gold
deposits produced have been shown to exhibit a strong drpendence on laser power, and the
nature and partial pressure of buffer gas.(2} The ability to control deposit shape and mor-
phology by influencing the growth kinetics can allow the control of important material properties

-. such as adhesion and resistivity of the deposited metal. In order to introduce non-linear
temperature effects that can influence the growth dynamics and microstructure of deposits, we
have investigated the use of a modulated laser as a heat source for t.ermal laser-induced surface
reactions. This paper concerns our observations of previously unreported surface melting that
accompanies deposition when a modulated laser source is used. The surface melting of gold
during deposition with a fixed, modulated laser beam restilt; in ctructurc whose shape and
morphology are markedly different thv,, deposits grown with an unmodulated beam.

EXPERIMENTAL SYSTEM

The light reflected at normal inicidence to the surface has been measured as a function of
laser fluence, wavelength in a two color experiment, length of duty cycle, and frequency of
modulation with the experimental apparatus shown schematically in Figure 1. A 514 or 488
nm argon ion laser beam is either mechanically chopped or electro-optically modulated with a
high power 25 Mllz AI)P Pockcs ceil coupled to a polarizing beam splitter. The output of
the modulator is focussed with a microscope objective onto a polished alumina substrate,
resulting in an approximately 10 micron focal spot at the surface. '1 he substrate ws sunported
;1 vaccuu2 lUeIII to winch Me2AU(hlac) and argon gas could he admitted. The light emitted
or reflected normal to the surface was collected and dispersed in a 0.24 m monochromator
The detector consisted of a photomultiplier tube, wit, amplification, digitizing, and waveform
averaging accomplished with a Tcktronix 7854 signal averaging oscilloscope.

Mat. Res. Soc. Sym. Proc. Vol. 158. 91990 Materials Research Society
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Figure I. Schematic of Reflectance Apparatus. PR1 is a polarizing beamsplitter; EOM is ar.
electrooptic modulator; PD is a photodiode; PG is a pulse generator; MC is a monochromator,
VC is a vaccuum cell; DSO is a digital storage oscilloscope; and PMT is a photomultiplier tube.

RESULTS AND DISCUSSION

Several -ral observations can be made about the surface melting phenomenon. First,
the surface r ng is observed only when a modulpted laser source is used. Identical experiments
using a conth sus laser source, either at twice the continuous power of the modulated source
(same fluence as the on-cycle) or at equivalent continuous power (one-half the fluence of the
on- cycle), results in no surface melting of gold deposits over the fluence range that we have
studied. The phase change is observed when the continuous wave laser light is modulated over
a very large range of frequencies, between approximately 0.5 I lz and 100 Khz. In addition, the
surface melting occurs with a substantial increase in emitted light at normal incidence to the
laser-irradiated surface. This is due to a change in the reflected laser light normal to the surface
of the metal deposit because of decreased surface roughness (see below).

In order to probe the dynamics of the surface phase change, the increase in light emission
due to melting has been examined during the stationary growth of a gold deposit using
time-resolved measurements. The reflectance intensity versus time for a typical deposition with
an unmodulated source is shown in Figure 2(b). In this case, the laser power was 1.0 W, and
the precursor pressure was 0.35 Torr. The intensity increased sharply at the beginning of the
deposition (at 2.0 seconds), corresponding to the increased reflectivity of the gold deposit
relative to the alumina substrate. As the deposit grew larger, the emission intensity decayed,
reaching a nominal value after approximately two seconds of deposition. A plot of emission
intensity versus time for a typical modulated beam deposition is shown in Figure 2(a). In this
case, the modulation frequency was 1000 lIz, and the laser power was 1.0 W. The emission
intensity reached values almost six times as large as the peak values of the unmoduiated case.
Larger values in the emission intensity were observed up to eight seconds after the start of
deposition. At longer times, the intensity again decayed to a nominal value. Visual observation
of this deposit revealed that the deposited structure melted twice, at approximately 1.7 and 2.8
seconds, corresponding to the two largest peaks in the emission intensity profiles.

.4
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Figure 2. Normal reflectance intensity as a function of time with (a) a modulated argon
ion source and (b) an unmodulated, continuous argon ion source at equivalent laser intensities.
The arrow indicates the initiation of deposition.

In order to verify that the observed signal was due to reflected light, the visible emission
normal to the substrate was detected throughout the visible wavelength range by dispersing
the light in a monochromator., For a 514 nm pump beam, the intensity of the emitted light
after subtracting the scattered, diffusely reflected background rrdiation from the 514 nm pump
beam was found to have an intensity maximum at 514 nm. In addition, the intensity of the
light emitted at normal incidence (after subtracting the intensity of the diffusely reflected light)
was found to be directly proportional to the pump beam. Two color experiments were also
performed using a 488 nm driving beam and a 514 nm low intensity probe. The peak in emission
intensity was detected with a monochrometer at the probe wavelength (as well as at the pump
wavelength). The results were qualitatively the same as those in Figures 2 indicating that the
emission was reflected light and not specific to the driving wavelength. Similar results were
also obtained when the driving and probe beam colors were reversed.

The time evolution of the reflectance during a single pulse has been examined in order to
obtain information about the dynamics of the surface melting. The characteristic reflectance
intensity during deposition peaks immediately after the leading edge of the light-on period of
the waveform, followed by an exponential decay. The exponential decay orthe refle :tance was
characteristic of all measurements performed with comparable laser-on and laser-off times. This
rate -f decay of the reflectance signal was found to be a strong fut, Aion of the spot size. In
the early stages of deposition, the reflectance was found to decay rapidly within the laser-on
cydc to a nominal value almost twenty times smaller than the peak reflectance just after the
laser turns on. A series of time-resolved reflectance measurements were made as the modulation
duty cycle was varied. Starting from an initial modulation requency of 1000 Fz with a .50%
duty cycle and holding the laser-on time constant, the laser-off time was decreased in stages
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down to approximately 2% at 1950 Hz. As the laser-off time was decreased the peak reflectance
also decreased until at the 2% off-time there was no discernable peak or decay. This data
suggests that a minimal laser-off time during growth is needed to sustain the surface melting.

The morphology of a deposit grown with a modulated source is clearly different than in
the unmodulated case. With a modulated beam, the melting of the deposited gold occurs with
a collapse of the deposit shape. The overall structure after growth beyond the melting stage is
volcano-like with smaller grain sizes and layered growth indicative of melting and spreading,
with similar deposit structures being obtained at laser powers less than 1.0 W under 0.35 Torr
of Me2Au(hfac) for a wide range of modulation frequencies. Fmission measurements, SEM
micrographs, and visual observations during deposition all suggest that the deposited structures
undergo growth periods interspersed with transient surface melting when the beam is modulated.
During this time the rough surface of a deposit becomes smooth and the incident light is
specularly reflected primarily normal to the surface. When the surface of the deposit is a rough
polycrystalline solid, the incident beam is diffusely reflected, and the normal reflected light is
thereby reduced in intensity (4). The spots gro-vn with a modulated beam also tend to be more
volcano-like throughout all stages of the deposition. When the laser source is not modulated,
depositions performed even at much higher incident powers grow continuously without observ-
able melting. Visual observation through the microscope during deposition revealed continuous,
uninterrupted growth of the gold crystals. Therefore, some process occurs during the laser-off
part of the modulation cycle that results in surface melting when the laser light is turned on.

Several possible explanations for the explosive melting phenomena and the reflectance
decay behavior exist. One possibility is that the laser modulation resulted in modulation of
the temperature of the deposit which resulted in stresses because of the differences in the
thermal expansion coefficients of the gold and the substrate. I lowever, experiments with
modulated laser light on a deposit with no reactant present resulted in no melting. Another
explanation is that the surface melting is the result of rapid exothermic decomposition of
adsorbed layers of Me 2Au(hfac) that develops during the laser-off part of the modulation cycle.
Differential scanning calorimetry results indicate that Me2Au(hfac) decomposes exothermically
with an overall heat of reaction of approximately -40 kcal/mol (5). Based on this exothermicity
and experimentally determined surface coverages on Au films (6), the energy released in a 10
micron reaction zone (approximately 10-' cal.) is sufficient to cause the observed changes in
reflectance intensity.,

Heating of a structure from a rapid, highly exothermic reaction of multilayers of adsorbate
on the surface should give rise to a temperature increase that is significantly larger at the start
of a laser-on cycle. The temperature necessary to melt gold is substantial (m.p. = 1064 C), and
the increase in temperature should be readily detectable experimentally. We have used
photothermal deflection spectroscopy (7) to accomplish this, and indeed have measured excess
heating at the beginning of a light pulse in time-resolved experiments during deposition.{8)

SUMMARY AND CONCLUSIONS

hi summary, we have reported a new surface melting phenomena that occurs during the
laser-induced chemical vapor deposition of gold crystals from Me 2Au(hfjc) using a modulated
Ar+ laser beam. When a modulated source is used surface melting is observed by reflectivity
measurements. Deposits formed with a modulated source are generally volcano-like and have
smaller grain sizes than structures grown with an unmodulated source. An intensive analysis
of the melting phenomena involving metal-producing reactions which are both exothermic and
endothermic, time-reqolved photothermal deflectancc studies, detailud scanning eiectron micro-
scope studies of deposit morphology, as well as theoretical calculations are currently underway.,
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VISIBLE-WAVELENGTH LASER PHOTODEPOSITION OF
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ABSTRACT

Cobalt interconnects were deposited with a cw visible-
wavelength laser from gaseous Co2(CO)B., The deposited
material was high-purity Co, and its electrical resistivity
was as low as 13 gD-cm (twice that of bulk resistivity). The

~deposition is initiated by photochemical decomposition of

Co2(CO)8, and therefore process parameters (pressure, power,
writing speed) are insensitive to the optical and thezmal
properties of the substrate.

Tntrodu.otpnn

Laser induced deposition of metals, semiconductors, or
insulators has been the subject of numerous studies [1,2].
Laser direct write deposition of material from a gaseous
precursor generally occurs by one of two mechanisms. One
mechanism relies on photolytically induced decomposition of
the precursor, which typically requires ultraviolet light
since few materials are photochemically active in the visible.
However, at wavelengths longer than -350 nm there are few
convenient cw sources. The other mechanism involves
pyrolytically induced deposition using visible light, where
durable cw lasers do exist, but where most precursors are
transparent. Pyrolytic processes are strongly dependent on
the optical absorption and thermal conductivity of the
substrate, and may require large thermal excursions which can
damage nearby structures or the substrate itself. We report
here on a Co deposition process which is notable in that it
provides visible-wavelength photodeposition of a high-
conductivity metal. The only previous visible-wavelength
photodeposition process is for insulating chromium oxides [3).
Specifically, we describe the deposition of high-purity, low-
resistivity cobalt from its carbonyl Co2(CO)8, using an Ar
laser at power levels of only a few mW. This process is being
incorporated in various applications, including circuit repair
on flat-panel displays, which have optically transparent
substrates.
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Results and Discussion

C02(CO)8 is a crystalline compound at room temperature,
with a vapor pressure of 0.3 to 0.7 Torr. The exact value of
the vapor pressure is difficult to measure since the carbonyl
vapor slowly decomposes, resulting in the evolution of CO.
Nevertheless, even the lower figure,, 0.3 Torr, is sufficient
for laser photodeposition at significant rates. The
transmission spectrum of Co2(CO)8 vapor in the range 200 to
800 nm is shown in Fig. 1. Intense absorption bands are
observed below 400 nm, with a long-wavelength tail extending
to -600 nm. The 488.0- and 514.5-nm lines of an argon ion
laser are also shown in Fig. 1. It is apparent that radiation
from an Ar+ laser is partially absorbed by gaseous Co2(CO)8,
and this raises the prospect ,of low-power visible-laser
photochemical reactions. Mass-spectrometric studies confirm
that 488- and 515-nm radiation causes photodecomposition of
gas-phase Co2(CO)8. In these experiments a continuous flow of
Co2(CO)8 is introduced through a thin nozzle into a vacuum
chamber, -10 cm in front of the ionizer of a quadrupole mass
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0.8 LASER WAVELENGTHS
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Figure I The transmission spectrum of gaseous Co2(CO)8 in the
range 200 to 800 hm. The pressure was 0.13 Tort and
the pathlength was 10 cm. The arrows indicate the
location of the 488.0- and 514.5-nm lines of an Ar+

laser, and show that the laser lines lie on the
long-wavelength absorption tail of C02(CO)8.
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spectrometer (QMS), The C02 (C0)$ is cryopumped through the
ionizer and the mass filter of the QNS. A cwAr+ laser is
weakly focused next to the nozzle, at the point where the
Co2(CO)8 density is highest, -i mTorr. The mass spectrum with
the laser off is a series of peaks corresponding to the
cracking pattern of C02(CO)8 in the ionizer. When the laser
is turned on, the amplitude of all the heavy-mass peaks is
reduced. As shown in rig. 2 for the Co2 (CO)8

+ and Co2(CO)5
+

signals, the change is linear in intensity up to at least 0.4
kW/cm2, and it can exceed 50 percent of the initial magnitude.
The very existence of a laser-induced reduction in the mass-
spectrometric signal of C02(CO)8, as well as its linear
dependence on laser intensity, indicates that
photofragmentation of gas-phase Co2(CO)8 takes place at
488 nm. The details of this process are still under study.

0.7

Z 0.
0. O=88mCo(C)0 .5

W- 0.4
cc

paren moleule C2(CO) and f one o 

Z 0.3
0

igure 2 The rcoalredut in the OMdSte signal ofath
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laser effect and its linearity with intensity are
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photodeconposition of Co2(CO)8 molecules.
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The visible-laser photodissociation of Co2 (CO)g has been
applied to the localized photodeposition of metallic'Co on
various substrates in a direct write configuration. Because
of the photochemical nature of the initial deccmposition step,
the deposition process at low laser power is largely
independent of the substrate: Co is laser-deposited on
transparent glass, and on chromium which absorbs a
considerable fraction of the incident light. Figure 3 shows
two scanning electron micrographs of Co lines "drawn" with a
515-nm laser across sections of glass and Cr films. No
"necking" of the Co lines is observed upon transition from Cr R
to glass, as is typically the case with processes having a
significant thermal component. In fact, preliminary results
using a Ti-Co junction as a thermocouple indicate that laser
induced deposition of Co from Co2(C0)8 takes place even at
power levels causing a local temperature rise of less than
50C. At such low temperatures no significant thermal
decomposition of Co2(CO)8 is expected. Indeed, rapid thermal
decomposition of Co2(CO)8 is known to occur at temperatures
above -520C [4], probably into the black, nonvolatile
Co4(CO)12, which in turn will thermally decompose to metallic
cobalt.

The laser-deposited material is predominantly metallic
cobalt. Auger electron spectroscopy indicates elemental
composition of 100 percent Co (within the -2 percent
instrumental detection limit of impurities). Electrical
measurements, show resistivities as low as 13 L-cm, twice the
bulk value of Co. The difference between bulk and the laser-
deposited film may be attributed to crystalline defects in the
latter. The amount of material deposited at a given ambient
temperature and Co2 (CO)8 pressure depends mainly on the laser
power and dwell-time. Figure 4 shows the interplay between
power and writing speed for a 1-pm-diameter laser focus. For
instance, in order to achieve significant deposition at 75
!Im/s, the laser power must be relatively high, -140 mW, On
the other hand, at writing speeds below -10 gm/s the required
power can be reduced to -40 mW. It is noLed that. ciL these
power levels there may still be a thermal component to the
deposition process.

Concluslna

In summary, a laser-induced process has been developed to
deposit low-resistivity (13 pL-cm) metallic cobalt. This
process requires a conventional low-power laser operating at
visible wavelengths, and is applicable to a wide range of
substrates, including transparent or heat-sensitive materials.
It is thus a convenient process, with numerous potential
applications. An example of such an application is the repair
of active matrix flat-panel displays. The laser-deposition
process of Co is initiated by the photo-induced dissociation
of Co2(CO)8 molecules near the surface, or molecules adsorbed
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Figure 3 Scanning electron micrographs of Co lines written on

Cr and on glass, in the presence of gaseous
C02(dCO)8. The Cr and glass lines are 25-pmi-wide
each, and the Co lines are 3- to 10jun-wide
depending on laser power and scan speed. The Co
resistivity is as low as 13 gQf-cm. In the right
half of the Figure, both cuts in the chromium lines
(made by a frequency-doubled Q-switched Nd:YLF
laser) and Ar4 laser-deposited cobalt links (U-
shaped) are shown.
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Figure 4 Dependence of the amount of depo3ited Co, given by
jthe cross-sectional area of the laser-written line,

as a fi~nction or laser power and writing speed. The

laser wavelength was 514.5 nm, the focal spot was

-1 gzm in diameter, and the Co2(CO)8 was kept at room
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on it. The details of the photochemistry, as well as those of
the subsequent steps of nucleation and growth, are the subject
of further studies.

The Lincoln Laboratory part of this work was sponsored by
the Defense Advanced Research Projects Agency andeby theDepartment of~the Air Force, in,,pait,-under -a spaec€progr am
supported by the Air Force-Offide of Scientific Reslarch.-
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LASER CHEMICAL VAPOR DEPOSITION OF W ON Si AND SiO2/Si
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ABSTRACT

Direct write of W on bare Si and hnative S102/Si substrates has been
investigated in an 1 - chemical vapor deposition (LCVD) system. W
deposits on bare Si su. i? via the Si and/or H2 reductioi of WF6 were
self-limited in thickness to 200 - 600 A in both cases. Auger electron
spectroscopic analysis showed that Si-H bonds could be poisoning the
further growth of W. W deposits on native Si0/Si were only obtainable via
the H2 reduction of WF6 in our laser direct-write system. Our experimental
kinetic study indicated that HF desorptlon from the surface is the
rate-controlling step for W deposition via the H2 reduction of WF6. The
as-deposited W line deposits were 2 - 10 #a wide, 0.2 - 6 #m thick with
rcsisti~ities in the range of 11 - 56 PO-cm. Growth rites as high as 2.2
am/s have been achieved.

INTRODUCTION

The demand for new processing technology useful for a-plication
specific VLSI fabrication and circuit modification has significantly
increased the interest in mAskless and adaptive thin film deposition
techniques such as laser-induced processing. Laser chemical vapor
deposition (LCVD) Is a pyrolytic process similar to conventional CVD using
a highly focused laser beam as the heat source. The earliest studies made
use of CO-laser to deposit materials on Si02 [1,2]. Recently,
visible-laser irradiation has been used fnr achieving smaller deposited
linewidths and for coupling radiation into semiconductor substrates more
efficiently [3,4]. Further reductions in size can be made if
nonlinearities associated with deposition or further processing steps are
properly exploited.

Tungsten possesses several properties that are well suited to "LSI
applications [5]. In this work, the following reduction reactions were
utilized to deposit W on the Si substrates:

WF6tg) + 31i42g) W(s) + 6HF(g),
2WF6(g) + 3Sij4 , 4- 2W,,) + 3SiF 41g.

Although many kinetic studies have been done on conventional CVD
systems, the results may not be applicable to analogous LCVD systems, as
the growth regimes are quite different. The main requirement for LCVD is
fast localized processing. This implies that a much higher
temperature-pressure regime is usually necessary for achicvind high growth
rates. The goal of this work was two-fold: a) to sti 'ie reaction
kinetics in an LCVD system so as to optimize the growth conditions for the
direct-write tungsten deposits; b) to study the regimes for selective and
non-cslective LCVD of tungstcn on Si and 910/Si via the reduction of WFa
in terms of surface conditions and gas composition.

EXPERIMENTALS

The substrates were Boron-doped p-type (resistivity 2 10 a-cm) (100)

Mat. Rof Soc. Symp. Proc. Vol. 158. 615W Materials Remorch Society
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Si wafers. In this work, .two kinds of Si wafers with different surface
conditions were used: one with native SiO2 (< 40 A) and the other the bare
Si with native S102 etched away by buffered HF solution.

For the LCVD of W, the light source was chosen to be the 514.5 na cw
Ar ion laser wavelength which is transparent to the reactant gases H2 and
WF6, and is strongly absorbed by- the Si substrate. The laser beam was
focused down to 3 #m in diameter (DI/e) with an 8X objec ve and the laser
power levels used ranged from 0.2 to 0.6 watts to develop a temperature
rise of 200 to 1400 'K on the Si surface. The total pressure of H2 and WFj
was kept at 600 torr and the partial pressure ratio of H2:WF 6 ( ) was
varied from 1 to 40. The scan speed of the laser beam was varied from 20
to 5120 #m/s for W line direct writing.

Scanning electron microscope (SEM) and high resolution Auger electron
spectroscopy (AES) were used to characterize the W features.

RESULTS AND DISCUSSION

A. Effects of the Si surface nrenaration

As mentioned above, Si substrates with two different surface
preparations were used in this work. The LCVD W deposits were found to be
very sensitive to the presence of the native oxide, as shown schematically
in Fig. 1.

On the etched Si surface, the W deposits were always self-limited to
200 - 600 A in thickness, no matter whether only WF6 or both WF6 and H2
were loaded into the reaction cell. This means that between the two
competing reactions, the Si reduction and the H2 reduction, the former is
initially faster than the latter, but the resulting surface inhibits the H2
reduction of WFO. The deposit geometry of a W layer inside a Si trench can
be explained if both the stoichiometric ratio of the Si + WF6 reaction and
the atomic densities of W and Si are considered. The widths of the
as-deposited W lines were in the range of 1.5 - 3 pm under the growth
conditions used.

native MW'
oxide177177 11

Si substrate
BHF

etched 1< W o.o5 Pin
\ ISi wafer " - T ////

1 substrate

Fig. 1. A schematic diagram for the surface effects on the LCVD of W.

On the native Si0 2/Si area, no W deposits could be obtained within the
growth conditions used, if only WF6 but no H2 was loaded into the reaction
cell. This shows that a native SiO2 layer acts as a barrier to the Si +
WF6 reaction (6]. However, if both H2 and WF6 reactants were used to
deposit W on the S102/Si surface, the resulting W deposits were not
self-limited in thickness. Much thicker W deposits of 0.2 - 6 #m thickness
were obtained under such condition. This discrepancy between the growth
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Fig. 2. Growth rate of W line on SiO2/Si versus H2 partial pressure
(total pressure = 600 torr, IWF6] = 150 torr, buffer gas: Ar).

on bare Si and Si02/Si indicates that the nucleation of the W deposits from
the H2 reduction of WF6 on Si02/Si is heterogeneous.

B. Reaction kinetics of W from Hq + WFP on SiOo/Si

Fig. 2 shows that the growth rate of the W deposits has 1/2 order
dependence on the H2 partial pressure. The reaction order of WFO was found
to be 1/6, as shown in Fig. 3. Following the reaction scheme for the H2
reduction of WF6 proposed by McConica et al. [7], we haie identified HF
desorption from the surface is the rate-controlling mechanism. The growth
rates showed a maximum value at f a 3 uhich is the stoichiometric ratio for
the hydrogen reduction of WFO, and decreased drastically if d deviates from
3. With a given laser scan speed, the width of the W deposit increases
with increased laser power level, as shown in Fig. 4, where the scan speed
was 5120 #a/a.

Growth rate (mm/a)

0.6

-049 W -4- 0T W

is 2 2.6

[WF. premsurel"' (torr)"

Fig. 3. Growth rate of W line on SiO2/Si versus WF6 partial pressure
(total pressure : 600 torr, [H2] 450 torr, buffer gas: Ar).

I



M

(a) 00 )

Pig. 4. SEN photographs of W line deposits on SiO2/Si grown at various
laser power levels: (a) 0.33 watts; (b) 0.38 watts; (c) 0.42 watts;

(d) 0.47 watts; (e) 0.52 watts; f) 0.56 watts. Scan speed = 5120 pm/s.

C. SEM and AES results

The deposited lines on the native SiO 2/Si were identified as W using
EDX and WDX spectroscopies. Auger electron spectroscopic (AES) analysis of
the W line in Fig. 5 also showed that there was primarily W inside the
thick deposits. No fluorine, carbon, nitrogen or oxygen were found in the
W deposits or at the W/Si interface.

Surface-composition AES analysis of the W deposits on the bare Si
surface showed that besides tungsten there was silicon on the as-deposited
W surface. As seen from the depth-composition profile of the W deposit
(Fig. 6), the surface composition is about 70 atomic percent W and 10
atomic percent Si with the remaining 20 atomic percent consisting of C, 0
and N surface impurities. The atomic concentration of Si increases
monotonically to more than 86% while the atomic concentration of W

J 0

i 40:=
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Fig. 5. AES depth-composition profile of W deposits on SiO2/Si.
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Fig. 6. AES depth-composition profile of W deposits on bare Si,

decreases monotonically to an un-detectable level at a depth of 225 A. It
is possible that H atoms are dissociatively adsorbed on the W surface and
then captured by the exposed Si atoms, forming strong Si-H bonds on the
surface. The Si-H bonds can poison the Si + WF0 reaction [8] thus
substantially reducing the amount of W atoms available on the surface which
are necessary for the further growth of W via the H2 reduction of WF6 .

D. Electrical properties

The as-deposited W lines on native Si0 2/Si had resistivities of 11 to
56 p-cm depending on the growth conditions. The resistivity decreases
with increasing scan speed and/or decreasing laser power level. Higher
scan speeds and lower laser power levels result in smaller grain Lizes in
the deposited W, As a consequence, the resistivity of the as-deposited W
line decreases with decreasing grain size, for smaller grain sizes occur in
conjunction with higher packing densities [9].

CONCLUSIONS

For W deposition on Si substrates via the Si or H2 reduction of WF6,
the surface condition is critical to the growth of W deposits. Si-H bonds
appear to poison the further growth of W deposits on etched Si surfaces.
Via the kinetic studies, we have identified HF desorption from the surface
as the rate-controlling mechanism for the H2 reduction of WF6 on Si02/Si.
W growth rates as high as 2.2 mm/s have been achieved in our LCVD system.
The high growth rates achievable with LCVD systems show promising potential
in applications to micro-fabrication and micro-modification of VLSI
circuits, such as mask repair, application specific IC's and packaging.

ACKNOWLEDGMENT

This work was supported in part by the Semiconductor Research
Corporation.

REFERENCES

1. V. Barananskas, C. I. Z. Mammana, R. E. Klinger, and J. E. Greene, Appl.
Phys. Lett. 3, 930 (1980).

2. S. D. Allen, J, Appl. Phys, U, 6501 (1981).
. . Leyendecker, D. Bauerle, P. Geittner, and H. Lydtin, 4ppi. Phys.Lett. 1, 921 (1981).



go

4. D. J. Ehrlich, R. M. Osgood, Jr., and T. F. Deutsch, Appi. Phys. Lett.
~,57 11981).

5. B. W. Shen, and G. C. Smith, J. Vac. Sci. Tech. Bi. 1369 (1986).
6. H. H. Busta and C. H. Tang, J. Electrochem. Soc. MI, 1195 (1986).
7. C. M. McConica and K. Krishnamani, J. Electrochem. Soc. m,2542

(1986).
8. F. R. Mc~eeley (private communication).
9. P. H. Su and S. D. Allen (to be published).

IIIQ
MI



LASER INDUCED CHEMICAL VAPOR DEPOSITION OF GaN

A. KOBAYASHIt T. ASAI, S. KAWAI AND P.J. CHONG*
The Institute of Scientific and Industrial Research# Osaka University,
Tbaraki, Osaka 567, Japan

Korean Research Institute of Chemical Technology, Daduck science Town,
Seoul# Korea

ABSTRACT

Thin films of GaN were grown on the Al203 (0001) substrate by the laser-

induced chemical vapor deposition technique. Morphology were different for
the films grown with and without laser irradiation. Moreover, the density of
nucleus and the growth rate in the case of the growth with the parallel irra-
diation were greater than those without irradiation. Differences were attrib-
uted to presence of photo-dissociated species in the case of the laser irra-
diation. Additional irradiation normal to the substrate decreased the rate,
probably because of the accelerated desorption of the reactive adsorbed
species.

INTRODUCTION

Gallium nitride, one of semiconducting materials, has a direct energy

gap (Eg 3.504 eV at room temperature (11) and good light emitting efficiency
2]. it is presently a very promising compound for light emitting diodes in

the visible to ultraviolet region. It is also expected to find applications
both to a passive dielectric film on GaAs [3) and to an active semiconductor
for high temperature devices.

In spite of these attractive potential applications, the synthetic
technique for an epitaxial film with little defects has not been established.
The main reason for this is the very high decomposition pressure of GaN,

leading to high background carrier concentrations (1017,1020 cm- 3 (4,51) due
to nitrogen vacancies. GaN thin films grown to date by techniques, such as
metallorganic vapor deposition (MOCVD) with NH3 and trimethylgallium (TMG) as
precursors, have all been of the n-type.

Recently some attempts have been made to overcome this difficulty by
using rf-excited plasmas (6), dc-biased reactive sputtering 7], or electron
cyclotron resonance (ECR) plasma f3]. The comnipon idea tc these technique is
that lower growth temperatures should be onmnloyed to reduce thw concentration
of nitrogen vacancies. However, the procureor gases are highly excited both
electronically and kinetically. binc substrates are exposed to this plasmaduring deposition, GaN fi I,. obtAinid by thece techniques h~ve been poly-

crystalline, except for that by th , ECR 3l1.ma c.. e.

On the other hand, the laser can e;c~te seipctively e certain energy
level and is well-suited to promote a specified chemical reaction. Indeu.d
the laser-induced chemical vapor depciition of refiactory metals u~inqgetall-
organics or the photo-stimulated catalytic reaction on the solid surface are
prominent examples in its application.

In this paper, we will describe experiments of the GaN depocition with
the aid of the ArF excimer laser and demonstrate its characterxstics.

EXPERIMENT

A schematic diagram of the reaction chamber is shown in Pig. 1. GAN
films were grown on the sapphire (0001) substrate. Tt was etcheu wit.h a 1.1
solution of H2SO4 and H3PO4, loaded on a Ta heater, and hoe,-treated at

Met Res. Soc. Symp. Proc. Val. 158. 01990 Mahitets Roemih Society
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10000C for 30 min just before the deposition. After evacuation of the cham-

ber down to its background pressure of 2 x 10- Torr, ammonia gas flew at the
rate of 300 ml/min through a tube from 25 mm distant from and at the angle of
45* with the substrate. After the substrate temperature was stabilized at
900*C, TMG gas was added from a cylinder maintained at 0C without any
carrier gas. The precursor gases were mixed and preheated at about 4000C
before introduction to the chamber. Total pressure of the chamber during the
deposition was kept typically at 0.1 Torr. Effects of disuse of any carrier
gas upon the film deposition will be discussed later.

An irradiation source was an ArF excimer laser (193 nm) operated with the
pulse duration of 17 na and at 150 Hz repetition rate. In the case of the
parallel irradiation, the laser beam of 25.9 mJ per pulse was focused with a
cylindrical lens and introduced parallel to and at about 10 mm above the
substrate. In the case of additional substrate irradiation, the laser beam of
4.1 m per pulse was simultaneously irradiated perpendicular to the substrate
without focusing.

The crystal structure and surface morphology of the deposited GaN films
were examined by means of reflection electron diffraction (RED) and scanning
electron microscope (SEM), respectively.

RESULTS AND DISCUSSIONS

Figure 2 shows the SEM observation of the deposited films at different
lapse of deposition time. In these experiments films were not smooth over the
substrate, but composed of granular particles. Three characteristic features
were observed:
(1) Number density of particles is greater in the deposition with the laser

irradiation than without the irradiation.
(2) Growth rate of the particles is larger in the case of only the parallel

irradiation than in the case of the simultaneous irradiation of parallel
and perpendicular beams.

(3) In the early stage of the deposition with the laser irradiation, thin and
roughly hexagonal plates we-e obscrved, which is more evident in Fig. 3.
In the later stage, however, particles took an irregular form.
In the nucleation stage, difference of the depositions with and without

irradiation 3s evident in their number density. In the case of thermal decom-
position, the TMG molecule loses its methy radical one by one. When TMG gas
is irradiated with the laser beam of 193 nm, it decomposes into the neutral
gallium metal (11]. Similarly the ammonia gas decomposes into the amidogen
radical NH2 and hydrogen atom in the primary step [12]. Because the focal
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1011m
FIG. 2 SEM observation of the deposited GaN films (top view).

Top raw: thermal CVD, central raw: laser CVD only with the
parallel irradiation, bottom raw: laser CVD with both parallel
and perpendicular irradiations. In each raw, the deposition
time increases from left to right, 20, 30 and 40 min.
Reactifn conditions are: (TMG]= 5 sccm, (NH3]= 300 sccm,
total pressure = 0.17 Torr, and substrate temperature= 9000 C.

10pm 2pm 2pm

FIG. 3 SEM observation of the deposited GaN films (sideview).
Left: thermal CVD (90 min), middle: laser CVD only with the
parallel irradiation (30 min), right: laser CVD with both
parallel and perpendicular irradiations (40 min).
Other reaction conditions are the same as in FIG. 2.
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position of the parallel-incident beam was 10 mm above the substrate, these
radicals might react each other to form other types of radical or clusters
before they reach the substrate. Formatio-, of these photo-produced radicals
seems to affect positively the nucleation, for example, by their high reactiv-
ity or sticking properties.

In the case of the deposition with the laser irradiation, the nucleation
density and the habits of the particles were the same for both depositions
with and without the substrate irradiation as seen in Fig. 2. On the other
hand, the growth rate was higher for the deposition without the substrate
irradiation as seen from the particle size. It is supposed from these that
the additional substrate irradiation had no effect on the photo-decomposed
species but that it accelerate desorption of the absorbed reacting species,
thus reducing the growth rate.

Concerning the habit of the deposited particles in the case of the laser
irradiation, it had the hexagonal shape and belonged to the hexagonal system
in the early stage (see next paragraph). After 20 min of deposition, it stil
showed the hexagonal shape for most particles from the top view (Fig. 2).
From the side view, however, it consisted from the pyramidal plane, rather
than the plism plane expected for the hexagonal plate (Fig. 3). AS mentioned
later, the particles belonged to the cubic system in this stage and the planes
would be {lll}.On the basal (111) plane, there was a heap which did not form
a distinct plane. This might trigger the irregular growth in the prolonged
deposition. In the case of the deposition without the laser irradiation, no
hexagonal plates were observed at any stage in the present experiments.

In Fig. 4, RED patterns of the deposited film were shown. The same trend
was observed irrespective of the irradiation conditions. Though the films were
composed of particles, the RED pattern was that from a single crystal, indi-
cating that all particles have the same crystallographic orientation. For
the deposition of 20 min, the RED pattern could be indexed as the wurtzite-
type structure with the (0001) plane parallel to the substrate surface. This
is the stable structure of GaN in the usual condition. In the later stage,
however, it could be indexed as the twinned zinc blende-type structure with
the (liIW plane parallel to the substrate. Dendritic GaN [91 and the very
thin GaN film of a few hundred A grown on the GaAs (111) substrate [10) were
claimed to have this structure. The observed twinned structure can be formed
by inserting a stacking fault of a wurtzite-type layer along the [1111 direc-
tion of the zinc blende-type structure.

FIG. 4 RED patterns from the deposited GaN film only with
the parallel irradiation.

Left: 20 min deposition, belongs to the hexagonal system.
Right: 30 min deposition, belongs to the cubic system.
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The wurtzite-type structure observed at the beginning stage seems to be
influenced by the substrate structure. The hexagonal structure is possible to

7- change smoothly to the cubic one only by an accidental change of the stacking
on the growing surface and subsequent growth of the second structure. As
mentioned above, the similar stacking fault is concerned with the twin struc-
ture, but once the cubic structure was formed, it did not bring formation of
the hexagonal structure again and only introduced the twinning. The growth of
the cubic structure, which should be unstable from the viewpoint of energy,
may thus be kinetically preferred owing to a high degree of supersaturation
in the present experiment. The condition of supersaturation must be due to
the disuse of any carrier gas.

CONCLUSION

In the present laser-induced chemical vapor deposition of GaN, the nucle-
ation density increased more than that in the thermal CVD. Hexagonal plates
appeared in the early stage of deposition. These characteristics were attrib-
uted to the formation of the photo-decomposed radicals and/or atomic Ga. The
additional substrate irradiation had no effect on the nucleation density nor

zthe morphology of the particles. It decreased the growth rate, probably due
to the photo-desorption of the absorbed reacting species.
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E
LASER DIRECT WRITING OF OPTICAL INTERCONNECTS IN POLYIMIDES

AND SiO2:TiO2 COATINGS
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ABSTRACT

Commercially available polyimides and SiO2:TiO2 coatings are experimentally studied
for their potential application in optical guided-wave interconnect networks. Optical

I properties are measured, including transmission spectra, refractive index and loss, with the
aim of determining the materials most suited for this application. On the most promising
candidates, direct writing of strip waveguides with A-ion laser at 514.5 and 457.9 nm was
performed. Localized thermal curing by writing with speeds up to 250 microns per second
allows the achievement of multimode guiding structures. Light propagation loss
measurements reveal that attenuation in strip waveguides is of the same order as in slab
structures of the same material, typically 5-10 dB/cm at 633 nm.

INTRODUCTION

Polyimides have been suggested [1-3] as promising materials for wafer-scale optical
guided-wave interconnects. This is a result of their well established compatibility with
both Si and GaAs fabrication technology, good dielectric properties, temperature resistance
over 300'C and relatively good chemical and mechanical stability.

The standard process developed for waveguide fabrication in polyimides uses spin-
deposition, and film solidification by thermal curing, followed by reactive ion etching or
focused ion beam etching. These have been reviewed in a recent publication [1]. We
concentrate here on laser writing by thermal curing, followed by the removal of uncured
polyimide which has not been exposed to the laser beam.

Thin films prepared from colloidal silica and titania solutions are used as optical
coatings, filters, protective layers and optical waveguides [4]. As a material for waveguide
fabrication, they-offer several advantages, namely, relatively simple deposition process, low
optical loss and variable refractive index governed by the mixture composition. We expect
that the fabrication procedure for channel waveguide structures in such solutions will be
similar to that of polyimides, and have thus explored their application in parallel with the
application of polyimides.

To summarize, the aim of the present study is twofold:
* to select, among commercially available polyimides, those having optimal

properties for fabrication of wafer scale optical interconnects in the form of strip
waveguides,

& to investigate application of a laser direct writing technique for optical waveguide
Ifabrication in selected polyimides and SiO2 :TiO2 coatings.

This laser direct writing technique should permit maskless patterning of thin films
and thus allow a fast turnover in fabrication of customized or prototype optical
interconnects. To the best of our knowledge, this study represents the first attempt to
perform laser writing in polyimides by their localized thermal curing with a scanned optical
beam.

Mat. Res. Soc. Symp. Proc. Vol. 168. 01990 Materials Research Society
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EXPERIMENTAL PROCEDURE AND RESULTS

Slab Ootical Wveuides: Fabrication and Evaluation

Slab optical waveguides from commercially available polyimides (see Table I) and
SiO2:10 2 coatings were fabricated by spin coating on Coming 7059 glass, oxidized silicon
or GaAs substrates, which had been previously treated with commercial adhesion
promoters. This was followed by the soft and hard bake procedures recommended by the
manufacturer.

Preliminary evaluation of the materials began with UV-VIS-NIR transmission spectra
of the films deposited on the glass substrates. Transmission over the wavelength range of
200 to 2000 nm were recorded using a Varian Cary 2400 double beam spectrophotometer
with an uncoated substrate as a reference. in addition to giving an indication of the loss
which can be expected of these materials, the transmission spectrum reveals the wavelength
at which absorption begins in the polyimide. This information is crucial for understanding
the thermal curing mechanism by which the strip waveguides are achieved. Typical results
are presented in Figure 1.

The refractive index and thickness of the films were determined by the prism coupler
method [5] using a computerized measurement system with a He-Ne laser light source.
An example of a measured mode spectrum of a polyiide slab waveguide is shown in Fig.
2. In multimode waveguiets, the refractive index and thickness were derived from the
solution of the mode equation for an asymmetric slab guiding structure using the measured
coupling angles of the modes observed. The values of the thickness obtained were also
verified with a Sloan Dektak HA surface profiler.

Light propagation loss in the waveguides was evaluated from images of the light
t scattered out of the waveguide (8]. Losses ranged from 5 to 10 dB/cm for the fully cured

polyimides.

Laser Writina Avwaratus

The laser writing experiments described in this paper were performed using a
Coherent Innova 100-15 Ar-ion laser, an optical microscope and a Melles Griot Nanomover
X-Y translation system. Two wavelengths, 514.5 and 457.9 nm were used. A second
more sophisticated system for laser writing is currently being tested. It is built around a
computer controlled Micro-Controle FAB-200C air bearing, X-Y translation stages. The
system is equipped with autofocus, an automatic substrate delivery mechanism and a He-
Cd laser operating at 442 nm. Another light source, for example, the Ar-ion laser, can
also be retrofited into this system. A double path interferometer built into the system
allows X-Y resolution to 0.04 microns. The He-Cd laser is equipped with an acousto-
optic modulator for computer controlled power adjustment during the laser writing process.

Table I. Refractive index at 633 nm and thickness of selected commercially available
polyimides.

No. Tradename Manufacturer Thickness Refractive Index
(microns)

1. Probimide 293 Ciba-Geigy 5 - 10 1.64
2. Probimide 412 Ciba-Geigy 1 - 15 1.62
3. Pyrallin 2566 Dupont 1 - 4 1.59
4. SPI - 135 G.E. 10 - 60 1.65
5. Thermid 5010 National Starch 5 - 40 1.64
6. Thermid 5510 National Starch 5 - 30 1.60
7. T-Polyimide Brewer Science 1 - 15 1.60
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Fig. 1. Transmission spectra of a) polyimide Probimide '!93 and b) Liquicoat Si:Ti thin
~films deposited onto glass substrates. Film thic.kness is 9.5 Rtm and 0.25 gtm
; respectively.

, Laser Writing Results

~Proof of concept laser writing experiments were performed first in the Probirnide 293
~polyimide. Directly after spin coating oito Si wafers with 2 micron SiO2 buffer layer, the

i I lyimide film was prebaked (softbake) to set the film and initiate solvent evaporation.
hNext laser writing was performed at one of two wavelengths, 514.5 or 457.9 nm, from the

[ Ar' laser. Scanning with the focused laser beam served to locally heat and cure the thin
~film in a series of strips. After laser writing, the unilluminated parts of the films were
~removed with a wet etching procedure, leaving a series of straight strip optical waveguides.
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At 514.5 nm, light is weakly absorbed in the polyimide, thus the mechanism for
polyimide curing may be attributed to heat generation in the semiconductor substrate,
which strongly absorbs light at this wavelength. Indeed, high laser output power, of the
order of 500 mW, was required to generate patterns in the polyimide. Writing at a speed
up to 250 microns per second was achieved with this laser power. On the other hand, at
a wavelength of 457.9 nm at which the polyimide begins to absorb, writing with laser
output powers below 200 mW was possible. At this wavelength, we believe that heat
generation in both the polyimide film and the semiconductor substrate is responsible for
localized heating of the polyimide.

In general, the light propagation loss measurements revealed that attenuation in strip
waveguides fabricated by laser writing in the Probimide 293 polyimide was of the same
order as in slab waveguides made of the same material, typically 5 - 10 dB/cm at 633 nm.
Light coupling from an optical fibre into a polyimide strip waveguide is illustrated in
Figure 3.

With a similar procedure, Liquicoat Si:Ti was spun onto oxidized Si wafers and
followed by a softbake and then Ar laser writing at 457.9 nin. After laser writing and
wet etching, the structures were hard baked for typically 1 hour at 3001C. The best
results, i.e. structures of uniform shape and resistant to the developer, were obtained with
a laser output power of 0.2 W and scanning speeds between 50 and 150 microns per
second.

a)

b)

Fig. 3. Light coupling from an optical fibre into a polyimide strip waveguide.
a) Structure b) Light scattered out of the structure



101

CONCLUSIONS

Seven commercially available polyimides were selected as potential materials for
fabrication of wafer scale optical interconnects in the form of strip waveguides. Proof of
concept experiments showed that laser direct writing of polyimide strip guiding structures
with loss levels equal to those of slab structures of the same material, is feasible.
Localized laser thermal curing is due to light absorption in the semiconductor substrate or
due to absorption in both the substrate and polyimide film. Fabrication of opitial
waveguiding structures in SiO:TiO2 coatings by laser direct writing is also achievable.
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ABSTRACT

We have demonstrated that the selective area deposition nf palladium
on polyimide substrates is possible through the U.V. photolysis of
(ir-allyl)(ir-cyclopentadienyl) palladium. This photolytic deposition
process did not result in any apparent damage to either the Ultem 1000
(polyetherimide) or Kapton substrates (polyimide substrates). The
resistivity of the palladium films (< O.lum) suggests that the films are
porous.,

INTRODUCTION

Recently, attempts to deposit palladium on polyimide films have used
organometallic complexes such as palladium acetate [1,2] with the goal of
selectively depositing conducting films through the photolytic
decomposition of the complex. Several studies of organometallic source
compounds, including (-allyl)(-cyclopentadienyl) palladium, suggest that
these complexes can be used to deposit relatively pure palladium films
[3,4]. These studies have shown that the U.V. photolysis of
[(P-C3H5)(rP-CsH5)Pd] can be used to selectively deposit palladium with
submicron spatial resolution [5]., In this paper, we describe the U.V.
photolysis of [(rP-C 3H5)(?P-CsH5)Pd] on polyimide substrates,

EXPERIMENTAL

The (7r-allyl)(r-cyclopentadienyl) palladium was synthesized and
purified using the procedure described previously by Shriver [61. The
photolytic deposition was carried out in a glass vacuum system as described
previously [7], The ultraviolet light was a commercially available nitrogen
laser (Molectron, model UV 24) with a wavelength of 337 nm. The maximum
energy per pulse delivered by this laser was 15 mJ, wth a flux density of
no greater than I J/cm 2. The film thicknesses were estimeted from the
palladium XES (EDAX), WDS signals and a film thickness monitor (a
Taylor-4lobson Talysurf 4). The film thicknesses determined from XES and WDS

Mat. Res. Soc. Symp. Proc. Vol. 158. 1990 Materials Research Society
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followed from good correlations between the data to model scattering
calculations, The film morphology was characterized by scanning electron
microscor' (SEM). The purity of the films were determined tising a
wavelengto dispersion spectroscopic (WDS) analysis and Auger electron
spectroscopy (AES). Sheet resistance measurements were also undertaken.

The polyimide substrates were exposed to a vapor of
[(rP-C 3Hs)( 7 -C5H5)Pd] for between 17 and 19 hours while irradiating the
substrate with the laser beam.

RESULTS

We have shown that palladium can be deposited on polyimide and the
resulting conductive strips are shown in figure 1,

Figure 1 - Palladium films on different
polyimide substrates Pd on Kapton (left), Pd
on Ultem 1000 (rough side) (middle), and Pd
on Ultem 1000 (smooth side) (right).

Scratches through the films on Kapton and Ultem 1000 did not reveal the
presence of any obvious damage to the polyimide films and, in general, the
palladium films were found to adhere well to the substrates.

The conducting strips were deposited o that the film thickness was
var'ed along the strip (approximately 500 A thick at one end but with a
decreasing th tkoess along the length of the strip). We deposited these
wedge shaped strips across previously deposited copper lines spaced equally
approximately 980 pm apart on Kapton. Using this procedure we were able to
determine the approximate volume resistance of palladium films for a
variety of thicknesses, as shown in figure 2.
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By replotting the data against the palladium strip cross sectional
area, 4t is apparent that the volume resistivity and the conductance of the
pallhdi~im film is dependent on the film thickness.. This is shown in figure
3.
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Figure 3 - Volume resistivity (x) and
Conductivity (o) as a function of area.
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While substantial errors in the estimnles of the film thickness are
possible, the relative thicknesses cannot a error by more than 15%. It
can thus be surmised that the resistivity is str9ngly dependent upon film
thickness, With a thickness of approximately 500 A, the wire on the Kapton
has a resistivity between 2.3xI0 "2 ohm-cm and 62.3xi0 -2 ohm-cm, This is
significantly greater than the resistivity of pure palladium (1.08x10"5

ohm-cm). From figure 3, it is apparent that the volume resistance increases
monotonically as the palladium cross-section decreases, It can be inferred
from this result that for films of thickness less than 500 A, the films are
very porous. For uniform films, one expects no variation in the volume
resistivity. With a film thickness of 150 A, the resistivity of the
palladium film on the Ultem 1000 is 7.8xi0-2 ohm-cm. Palladium films on the
Ultem 1000 are therefore also very porous, but less so, than for the films
on Kapton.

Porous films have also been observed in platinum films deposited by
the U.V, photolytic decomposition of [(73-C 3H5)(P-C5H5)Pd] (8], These films
wire observed, however, to contain substantial amounts of carbon, Porous
films can result from rapid deposition at catalytically active sites. The
rapid growth of films at catalytically active nucleation sites has been
observed previously and can accompany the photolysis of organometallic
species [9-12]. We propose that for the deposited palladium on polyimide
substrates from (r-allyl)(-cyclopentadienyl) palladium, a nucleation
mechanism must be involved, i.e., palladium islands are more catalytically
active for photolytic decomposition of ((rP-C 3Hs)(r6-CsH5)Pd] as the source
material.

For thicker palladium films, (r-allyl)(7r-cyclopentadienyl) palladium
[(rP-C 3H)(i--CHs)Pd], may be a suitable alternative to palladium acetate,
since ((13-C3H5)(r-C 5H5)Pd] is significantly more volatile than palladium
acetate. For selective area deposition, deposition from the gas phase may
have applications where spin coating does not.

Ai CONCLUSION

From analysis of our films on polyimide substrates and other [1,2]
studies on silicon substrates, we know that the process is photolytic and
the films are very pure by more than 99% by wt%.

Adhesion of the palladium films to polyimide substrates is very good,
The volume resistivity of the very thin palladium films (< 0.1pam) on the
Kapton ind polyimide substrates is significantly greater than for pure
palladium. It is proposed that these results show that CVD palladium films
can be applied to the fabrication of thin film resistors and interconnects.

i



107

ACKNOWLEDGEMENTS

This work was funded by I.B.M, (research agreement number 8074), by

A.F.O.S.R. (contract number F30602-88-D-0027 administered by RADC as task
A91913), and by the National Science Foundation (CHEM-8900471). The authors
would like to thank H. Cole for his generosity in providing substrate
materials.

REFERENCES

[1] H, Esrom, G. Wahl and M. Stuke, Mat. Res. Soc. Proc. 131, 581 (1989).

(2] Y.S. Liu and H. Cole, Mat, Res. Soc. Proc., 129, 579 (1989).

[3] G.T. Stauf, P.A. Dowben, K. Emrich, S. Barfuss, W. Hirschwald and
N.M. Boag, J, Phy, Chem., 93, 749 (1989).

[4] K.-H. Emrich, G.T. Stauf, W, Hirschwald, S. Barfuss, P.A, Dowben,
R.R, Birge and N.M, Boag, Mat. Res. Soc. Proc. 131, 401 (1989).

[5] G.T. Stauf and P.A, Dowben, Thin Solid Films, 156, L31 (1988).

[6] D.F, Shriver ed., Inorganic Synthesis, John Wiley and Sons, vol, 19,
p. 221, 1979,

[7] G.T. Stauf, P.A. Dowben, N.M. Boag, L. Morales de la Garza and S.L
Dowben, Thin Solid Films, J6, 327 (1987).

[8] D. Rooney, D, Negrotti, T. Byassee, D. Macero, J. Chaiken and B.
Vastag, Use of Laser Directed Chemical Vapor Deposition to Fabricated
Durable-Optically Transport, Platinum Thin Film Electrodes, J,
Electrochemical Soc. (unpublished),

[9] M. Paunovic and C.H, Ting, in Electroless Deposition of Metals and
Alloys, edited by M, Paunovic and 1, Ohno (Proceeding of the

Electrochemical Society, Vol, 88-12, Pennington, NJ 1988).,

[10] W. Krauter, D. Bauerle and F. Fimberger, Appl, Phys. A 31, 13 (1983).

[11] C. Arnone, M, Rothschild, J.G. Black and D.J. Ehrlich, Appl. Phys.
Lett., 4805), 1018 (1986),

(12] H. Yokoyama, F. Uesuqi, S. Kishida and K. Washio, Appl. Phys. A 37,
25 (1985).



109

UV EXCIMER LASER-INDUCED DEPOSITION OF PALLADIUM FROM
PALLADIUM ACETATE FILMS

Hilmar Esrom and Georg Wahl
Asea Brown Boveri, Corporate Research, D-6900 Heidelberg, FRG

ABSTRACT

UV excimer laser-induced deposition of palladium from spin coated palladium
acetate films in air is described. We have investigated mainly the deposition of
palladium on aluminum oxide and quartz substrates and its dependence on the
fluence and the number of excimer laser pulses. The decomposition mechanism
was studied by measuring In situ the transmitted pulse energy during the exposure
process. We have found that the excimer laser-induced decomposition of palladium
acetate films is mainly pyrolytic and a simple model can be used to describe the
decomposition process.

INTRODUCTION

For many applications in electronic and hybrid technology a new two-step
deposition method is very interesting [1,2].The first step deals with the photo-
induced deposition and patterning of a thin activator on a suDstrate surface
followed by the second step, the selective electroless metal deposition on the
activated surface. The activation of substrate surfaces can be achieved by laser-
induced decomposition of thin metalorganic or inorganic films on non-active
surfaces [3-9]. The decomposition of the films can be performed in air, and no
specialized vacuum equipment is needed. R.C. Sausa et al. [1] reported the
pyrolytic Ar+ laser-induced decomposition of platinum metal-organic films and H.S.
Cole et al. [2] reported the Ar+ laser-induced decomposition of palladium acetate
films which are used as activators for elctroless copper plating. Recently, we have
shown that UV excimer laser-induced pre nucleation of various surfaces with
palladium is very suited for electroless metallization (10]. In this paper, we report the
results of our investigations concerning the deposition of palladium by means of
excimer laser-induced decomposition of thin palladium acetate films on rough
ceramic surfaces and the results of in situ measurements of the transmitted pulse
energy during the decoriposition process.

EXPERIMENT

Without special cleaning or pretreatment the palladium acetate films were spin-
coated onto quartz or rough A120 3 substrates. The spin-on films were prepared
from palladium(Il)acetate (MERCK) dissolved in chloroform using a concentration of
about 0.15 mole/I. The spin-on films were irradiated by the excimer laser (Lambda
Physik, Model EMG 103). The intensity distribution across the rectangular beam
profile (20x6mm 2) is inhomogeneous and therefore a homogeneous part was
,,,,, ' a c. cul Ibeam stop (diameter 4 mM) to minimize the spatial intensity
inhomogeneity. The laser pulse energy was measured with a joulemeter (Gen Tec
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PRJ-D, ED 200/500). After laser exposure, the undecomposed palladium acetate
was removed by rinsing with chloroform. The optical transmittance of the palladium
acetate film on a quartz substrate was measured with a Perkin Elmer UV
Spectrophotometer 550. Film thickness was determined by scanning electron
microscopy JEOL JXA-733 ELECTRON MICRO PROBE (EMP). The thickness of the
palladium layers was determined by energy dispersive x-ray analysis by measuring
the intensity of the palladium line. For the calibration we used films of various
thicknesses, sputtered on glass substrates. The thickness of the films was
measured with an interference microscope (Carl Zeiss). To achieve an effective
thickness of the discontinuous palladium layers which are typical for the excimer
laser deposition process [11] a scanning area of 40 gmx30 gm for the electron
beam was chosen.

RESULTS AND DISCUSSION

Excimer Laser-induced Deposition of Palladium

Fig. 1 shows the palladium thickness on A1203 substrates (after washing process)
achieved at .=193 nm with one excimer laser pulse from a - 1000 A thick palladium
acetate film as a function of the fluence. In the fluence region between 10 mJ/cm 2

and 50 mJ/cm 2 a linear dependence of the thickness on the fluence is determined
and the slope was estimated to be -0.63 A/mJcm-2. It is evident from Fig. 1 that a
threshold fluence Eth of -10 mJ/cm 2 for palladium deposition exists. High flJences
> 4 J/cm2 lead to complete ablation of the palladium acetate films so that copper

30

X= 193 nm
one pulse

20
Ic

10

t,,

10 /

0 1 i0 3'0 40 50
fiuence (mn / cm')

Fig. 1 Palladium thickness as a function of the fluence at .=1 93
nm (one pulse)
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plating is impossible. Fig. 2 shows the dependence of the thickness of the
deposited palladium (after washing process) on the number of laser pulses. At a
fluence of - 50 mJ/cm2 (=1 93 nm) 5 pulses are needed to achieve a constant Pd
thickness of - 60 A from the palladium acetate film (thickness - 1000 A). From the
slope of the linear part of this curve we estimated a deposition rate of - 10 A/pulse.
At fluences lower than 50 mJ/cm 2, smaller final palladium thicknesses are
achieved. During the irradiation a discoloration of the spin-on palladium acetate film
occurs from yellow to grey. Below the threshold no discoloration and no deposition
of palladium was possible, even by irradiation of the samples for a long period. For
example, at 6 mJ/cm2 and 200 Hz repetition rate no deposition of palladium was
achieved after 5 min. Using KrF* excimer laser light we found nearly the same
curves as in Fig. 2 for ArF* light, however with a slightly higher deposition rate of
about 15 A/pulse at - 50 mJ/cm2 and a slightly higher threshold energy of - 15
mJ/cm 2. For the wavelengths X_= 308 nm and X=351 nm threshold fluences of Eth ~

80mJ/cm2 and Eth- 200 mJ/cm2 were determined.

JO

OX= 193 nm70 0 18 mJ/cm 2

60,

50 /
'A

S40

0.

10 .

0 1 2 3 4 S i 9 0
number of pulses

Fig. 2 Ihickness of palladium on Ai203 in depundwue on the
number of pulses at 50 mJ/cm 2 and 18 mJ/cm 2 (=193 nm);
initial palladium acetate film thickness - 1000A
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Transmittance Change During Laser-induced Decomposition

To study the mechanism of the excimer laser-induced decomposition process we
performed in situ pulse energy measurements. The measurement was performed
by using a circular beam (diameter 4 mm). The transmitted fluence during the
pulse-to-pulse experiments was measured with a joulemeter behind quartz
substrate which was spin-coated with palladium acetate. At a fluence of - 50
mJ/cm 2 (X=1 93 nm) the transmittance increases with the number of pulses to a
saturation value of about 60 % after 5 pulses (Fig. 3). This is in agreement with Fig.
2, where the same number of pulses was necessary to reach saturation. Further

% 50 mJ/cm?

x 23 mJIcmi X= 193 nm
100- a 18 mJ/cm2

0 10 mJ/cm
2

O / / XIX-XlX X- - x---X X - X. . -....

so X O 
0 0  - O  - -

k
O - -

t- 1 5 '0i 2 0"
number of pulses -

Fig. 3 Transmitted pulse energy during the decomposition process
in d:ependenc:e on the number of the laser pulses at 50
mJ/cm2, 23 mJ/cm2, 18 mJ/cm2 and 10 mJ/cm2 (X=193 nm);initial palladium acetate thickness ~ 1000A

pulses have no influence on the transmission. The increase of the transmission is
due to the decrease of undecomposed palladium acetate in the film. The layers
produced in the saturation range at 50 mJ/cmn2 showed a constant transmission
which was measured with the UV spectrometer in the UV region between the
wavelengths X.= 230 nm and X=400 nm. This is in contrast to the UV spectrum of
palladium acetate (see Fig. 4). XPS measurements have shown that these layers
contain mainly palladium with a carbon impurity of about 30 at %. An oxygen
impurity of < 1 at % was measured in films on silicon. We conclude from these
measurements that in the saturation range at a fluence of 50 mJ/cm2 films are
produced with almost no palladium acetate content. At lower flinca. mn
are necessary to achieve a constant transmittance T with values T<60 %. Obviously
incompletely decomposed parts of palladium acetate lead to the lower
transmittance in accordance with Fig.2, where it is shown, that lower fluences lead
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to thinner deposited palladium films on A1203 substrates. At fluences < 10 mJ/cm 2,
no decomposition is observed and we can verify the threshold fluence to be about
10 mJ/cm2. In case of the KrF* excimer radiation (X=.248 nm) we determined nearly
the same curves as shown in Fig. 4, with a threshold fluence Eth- 15 mJ/cm 2.

Discussion of the Excimer Laser-induced Deposition Process

The threshold nature and observed dependence of the deposition rate on fluence
would appear to favor thermal decomposition rather than direct bond breaking as a
possible mechanism reponsible for significant material deposition. If bond breaking
is dominant in the deposition process, then decomposition should be possible in
the case of a cumulative light dose applied to the film at sub-threshold. Our
multishot irradiation experiments indicate that it is clearly not the case. Table 1
shows the threshold fluences Eth and the absorption coefficients X determined from
the transmittance measurements (Fig.4). The correlation which is evident between

EXCIMER ArF* KrF* XeCI* XeF*

Wavelength[nm] 193 248 308 351

Absorption
Coefficient[10 5cm-1] 7.2 2.3 .55 .21

Threshold
Fluence[mJ/cm2] 10 15 80 200

table 1 Absorption coefficients a of the palladium acetate film
4 and the threshold fluences Eth at different excimer

laser wavelengths X

the threshold fluence Eth and the absorption coefficient a can be explained by a
simple model, which is based on the thermal decomposition of the palladium
acetate. It is assumed that a certain minimum absorbed energy density per unit
volume £th is necessary for the decomposition process. This energy density Eth is
given by:

(I) Eth=(1-R).Eth.a

where R is the reflectivity of the film. This energy density eth can be related to the
minimum decomposition temperature Td by:

(11) Eth=(X+p C Td)

with the energy fur phase transformations X, the density p and specific heat capacity
C of palladium acetate. The minimum thermal decomposition temperature Td is

I a ~ a•a • m n I I .



114

measured to be Td-500 K 1121. Equation (I) shows that Eth should depend linearly
on 1/o.:

(111) Eth-0. -0 P,-h/(1-R)

if Eth and R are constant. Fig. 5 confirms this linear dependence, where Eth Is
plotted versus the photon penetration depth zal/cx. From the calculated slope of
03.4.2.103 Jcm- 3 the decomposition temperature of Tda 1100 K was calculated
using equations (ill). For our calculations the following material properties were
taken: C0.3 caVgK (the value for sodium acetate [13]), p=3 g/cm 3 1121. X and R
were assumed to be zero. This simplification for X and R could be the reason for the
larger value of Td compared with the experimental value.
Additional visual evidence supported the thermal nature of the decomposition
process. At fluences > 400 mJ/cm2 (k=1 93nm) one pulse with a cross section of 4
mm leads to a deposited palladium area of *= 8 mm. Most probably, the excimer
laser-induced decomposition is highly exothermic in air and the self-heating
(thermal runaway) increases the decomposition region. In thermoanalytical studies
of palladium acetate the exothermic nature of the decomposition was estimated
when the palladium acetate was heated in air or oxygen L12. Characteristic of the

100
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200 300 400 nm S00
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Fig. 4 Transmission spectrum of a 450 A thick palladium acetate
film in the UV region
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Fig. 5 Plot of the threshold fluence Eth versus the photon
penetration depth r

excimer laser-induced deposition process are the low final palladium thicknesses.
In the case of a 1000 A palladium acetate film and complete decomposition (e.g. at
X=193 nm, 50 mJ/cm 2, 10 pulses) we measured only 5 % of the initial palladium
acetate film for the palladium film thickness. With the stoichiometric value of
palladium content of palladium acetate, about 50 % of the precursor film thickness
is expected for the final palladium thickness [12]. Probably the competition
between evaporation and decomposition of palladium acetate explains ths low
efficiency of the deposition process [12]. The decreasing value of the palladium
thickness in the saturation range ( Fig. 2) with decreasing fluence is not completelyunderstood. Forhaps the increasing transmission (Fig. 3) irvulves a smaiier energy
absorption, so that the decomposition process is stopped before a complete
decomposition occurs..j

I
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CONCLUSIONS

Palladium deposition has been performed by exposing UV excimer laser light onto
substrates spin-coated with palladium acetate. The investigated deposition process
depends on the laser fluence. At about 50 mJ/cm 2 five excimer laser pulses are
required to yield a complete decomposition of the palladium acetate films
(thickness: - 0.1 gim) which leads to thin Pd layers (- 60 A) on an A120 3 substrate
surface.The results of threshold fluence measurements have shown that excimer
laser light at 193 nm and 248 nm are more suited for large area deposition than
excimer radiation of other wavelengths. We have found that the decomposition
process is phototherrnal in nature and a simple model can be used to describe the
decomposition mechanism.
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IN SITU CHARACTERIZATION OF
METALLORGANIC CHEMICAL VAPOR DEPOSITION

R. SCARMOZZINO, T. CACOURIS, AND R.M. OSGOOD JR.
Columbia University, New York, N.Y. 10027

ABSTRACT

In situ measurement of resistance has been used for the real-
time monitoring of metallorganic chemical vapor deposition (CVD)
growth characteristics. In particular, a novel technique for
measuring metallorganic CVD activation energies is presented. The
micron scale geometry of the experiment makes it relevant to work
in localized laser CVD. The technique has been used to measure the
CVD activation energy of dimethylaluminum hydride (DMAlH). In
addition, a variant of the technique has been used to study the
growth stage of a resistless two-step metallization process
(nucleation / selective CVD) employing DMA1H as the source gas in
both steps.

INTRODUCTION

Chemical vapor deposition is an important process in the
semiconductor industry, and a knowledge of the activation energy
for CVD of various materials is extremely useful for proces
modeling. In the conventional method of measuring this quantity,
the scale oj he geometry is such that there exist mass transport
limitations, which can complicate the measurement and/or put
restrictions on the maximum deposition rate, and hence the
temperature range that can be studied. For example, it would be
difficult to pinpoint a deviation from the Arrhenius law at high
temperature as being the result of mass transport limitations, or
the result of a different reaction pathway at the higher
temperature. If on the other hand a small reaction geometry i
used, mass transport limitations are significantly reduced,2 ''

simplifying the measurement considerably. In addition, experiments
in a small microreaction geometry are of interest in the laser
direct writing of semiconductors via pyrolysis.

Measurements of CVD activation energies in a microreaction
geometry can be performed using focused laser beams. In this case,
the measurements are done by pyrolytically depositing spots or
lines at different laser powers, subsequently measuring the size
of the deposit, calculating the laser induced tmperature rise,
and forming an Arrhenius plot of the results. In the method
presented here, which is applicable to CVD of conducting
materials, a thin line is deeosited between two large test pads
via laser photolysis, laser pyrolysis, or even conventional
photolithography. A fixed voltage is placed between the pads,
inducing a current in the line which resistively heats it, causing
pyrolysis to occur and the line to grow. The subsequent decrease
in resistivity increases the current and the power dissipation and
causes the line to grow faster. By simply monitoring the current
in the line as a function of time on a chart recorder, one
simultaneously obtains information on the growth rate of the line
versus the power dissipation in the line. After a calculation of
the induced temperature rise, an Arrhenius plot can be made, from
which the activation energy can be extracted. We note that the
enhanced growth of laser deposited lines via passing current has
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been recently reported for the case of a pulsed current.5 This new
technique may have several applications. For example, it can be
used for the selective growth of lines in the repair of integrated
circuits.

EXPERIMENT AND RESULTS

In this experiment, thin (< 1000 A) aluminum lines were
deposited photolytically from the metallorganic gas DMAIH, using
a focused cw UV laser beam as in [6]. The lines were deposited on
a substrate consisting of 3000 A of SiO on Si. The length and
width of the lines were measured in situf rom the video image, and
were typically 1200 gm and 7 gm respectively. The lines were
deposited between large (3C0 gm x 300 4m) gold test pads, which
were connected via a vacuum feedthrough to the external circuit
of Fig. 1. This allowed in situ measurement of the resistance,
which was typically 500-1000 n initially. In a 1 Torr ambient of
DMA1H, application of approximately 30 V yielded sufficient
current to heat the lines and cause pyrolysis.

A typical current versus time trace is shown in Fig. 2. The
Arrhenius curve is obtained from this curve as follows. Given the
fixed voltage V0 , the current is given by I = V0R 1, where R is
the total resistance of the line, which consists of the initial
resistance R0 in 1paralkel with the resistance of the growing
deposit RD, ie. R = R0  + RD . The resistance of the deposit is
given by RD = pL/wh, where p is the resistivity of the deposit,
and L, w, and h are the length, width, and thickness of the
deposit. Therefore the current is given by:

V0  V0 w
I(t) = - + - - h(t)

R0  pL

Differentiating shows that dh/dt, the growth rate at time t, is
proportional to dI/dt, which we can easily obtain from Fig. 2. We
have assumed for simplicity that w is constant (which is true for
small enough times: the principal growth of a thin, wide line
being in the thickness). This restriction can be removed to some
extent.

The power dissipated in the line at time t is simply given
by P(t) = V0I(t). The average surface temperature is calculated
from the power P(t) by:

d P(t) w d K
T(t) = To  + u -,- u -_

KG Lw w S

Here d is the thickness of the Si0 2 layer, and KG and KS are the
thermal conductivities for SiO 2 and Si respectively. This is
obtained assuming the deposit is a good thermal conductor (which
is true for aluminum), so that the power flows uniformly into the
substrate surface over the area L x w. Standard Fourier analysis
an a semi-infinite domain can be used to obtain the above equation
with u defined by:

U j/ d8 [sin(r.cos 0) sin(r.sin e) 2 !-a.exp(-2rD)]

LJJOj0 r~o e r-sin 8) Ll+a-'exp(-2rD)1
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Figure 1. Diagram of experimental setup showing laser written
aluminum line deposited between gold test pads, and
external circuit for measuring current versus time.
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Figure 2. Typical currernt versus time curve obtained as in
Fig. 1, after applying a voltage to a laser written
line in an ambient of 1 Torr of DMAIH.
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d w 2
1  I-K/Ks

where D = 2 - [cos2g+-sin2e| ,and a =
w L2 I+KG/Ks

Note that in the limit d(w, d<<L, KG<4Ks, u approaches 1. We have
numerically evaluated u for our parameters (w = 6-12 tm, L =
1200 Lm, d = 0.3 Lm, KG/Ks = 0.01), and its dependence on w is
approximately u(w) = 1.05 + 0.057 w. Note. also that for the
temperature range of these experiments, thr. thermal conductivity
is approximately constant.

This procedure applied to I(t) data for several trials
results in the Arrhenius curves shown in Fig. 3. The data follows
the Arrhenius behavior well, as indicated by the linearity of
ln(dl/dt) with I/T over a wide range of growth rates. Most of the
scatter of the data around the straight line is probably due to
the manual digitization of the I(t) curve, and the resulting error
in numerical differentiation. The resultant activation energy is
E = 34 ± 3 kcal/mole. While there is no accurate measurement of
te activation energy for DMAIH in the literature, our number is
reasonable considering other activation energies for aluminum
compounds. For example, it is known 7'8 that DMA1H vapor exists as
an H-bridged dimer at low temperatures (the dimer-trimer
equilibrium is 83-95 'C). If the rate limiting step in DMAIH CVD
is the dissociation of these hydrides, then the CVD activation
energy will be of the order of their heat of association, which
is 15-20 kcal/mole per H-bridge.

This technique has several advantages. It can be performed
entirely in situ. It is extremely imple and quick to apply,
requiring only a single measurement of I(t), which takes well
under a minute to obtain. As is usually the case, the main source
of error is probably in the calculation of the induced temperature
rise, due to inaccuracies in the knowledge of geometric or
material parameters. For example, when the deposition occurs via
laser pyrolysis as in [4], the power absorbed by the deposit, and
hence the temperature rise, depends on the reflectivity of the
deposit which may differ considerably from that of the pure
material. However, in this method the power dissipated is directly
measured, which allows less reliance on questionable material
parameters, and leads to improved accuracy. Also, if higher
accuracy is desired, the experiment can be performed in the
controlled geometry of a photolithographically deposited line.

We have employed a variation of the this technique to study
a two-step resistless process for forming aluminum metallization
motivated by the work in (9]. The process consists of photolytic
deposition of a nucleating deposit for the patterning stage, and
selective CVD thermal growth for the bulk deposition stage, both
using DMA]H as the source gas. The experimental setup is similar
to that shown in Fig. 1, except that is this case the sample is
heated uniformly by passing a current through a thin layer of
chromium (50 A) deposited on its underside. A cw laser (27-
308 nm) is used to photolytically deposit a thin aluminum line
(500 A) between the two pads as in the previous experiment. This
line provides a nucleation region for subsequent selective thermal
growth. The external circuit applies a small fixed voltage to the
line, and monitors the current in the line on a chart recordex.
The Lurrenlt is proporticna' to the ine thickness, And this allows
an instantaneous measure of how rapidly the line is growing. This
allows one to obtain much more information than simply recordinq
the final line thickness after a fixed deposition time. Note that
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Figure S. Arrhenius plots of ln(dI/dt) versuis l/T f or several
trials. The activation energy obtained from these plots
is Ea = 34 ± 3 kcal/mole.
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Figure 4. Typical growth curve obtained from measurement shown in

Fig. 1, after uniform heating is applied to the sample.
The growth temperature was 187 °C, and the vertical axis
(current) has been rescaled to the final line thickness.
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Figure 5. Arrhenius plot of log of growth rate versus 1/T obtained

from growth curves as in Fig. 4. The measured activation
energy is Ea = 28 kcal/mole.
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here the current in the line is insufficient to cause heating.
In a typical measurement, the chart recorder is switched on

at the same time that the uniform heating is applied. The
temperature reaches steady state very rapidly compared with the
line growth. A typical curve of current versus time is shown in
Fig. 4 for a growth temperature of 187 'C. The curve exhibits a
long latent phase, where growth is very slow, and then a more or
less constant rapid growth phase. The cause of the latent phase
is unclear at this time, however we have observed that a longer
lag time between the nucleation phase and the thermal growth phase
appears to yield a longer latent period. We are studying this
effect further.

The above procedure was applied to obtain growth curves at
several temperatures. We measured the final thickness of each line
(via stylus profilometry) and used that to scale the current axis
to thickness. The slope of the re-normalized curve during the
constant growth phase was used as a measure of the CVD growth
rate. An Arrhenius plot of the growth rate vs temperature data was
made and is shown in Fig. 5. The slope of the data indicates an
activation energy of Ea = 28 kcal/mole. This is similar to the
result of the previous experiment. We also took the same growth
curve data, and estimated a growth rate as the final thickness
over the total time. The resulting Arrhenius plot is also shown
in Fig. 5 for comparison with the more elaborate measurement. As
can be seen from the figure, these two measurements can yield
growth rates which differ by a factor of two to three,
demonstrating the utility of monitoring the instantaneous growth.

In summary, insitu measurement of resistance has been used
for the real-time monitoring of metallorganic CVD. We have
described a new technique for measuring CVD activation energy in
a microreaction scale geometry. In addition, a variant of the
technique has been used to study a two-step resistless process for
forming aluminum metallization.

This work was supported by the Semiconductor Research Corporation.
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LASER WRITING OF HIGH PURITY GOLD LINES

M. JUBBER, J.I.B. WILSON, J.L. DAVIDSON*, P. JOHN* AND P.G. ROBERTS*
Departments of Physics and Chemistry*
Heriot-Watt University, Riccarton, Edinburgh EH14 4AS, Scotland

ABSTRACT

Gold tracks have been deposited on thermally oxidised and single
crystal silicon, gold and nichrome coated silicon wafers by pyrolytic
decomposition of gaseous alkyl (triethyl phosphine) gold(I) complexes
using focussed 514 nm radiation from an argon ion laser. The precursors,
RAu(I)Et 3P, R = CH3 , C2 H5 are low melting point crystalline solids with
relatively high vapour pressures (-5 mtorr). They are representative of a
class of compounds being evaluated for laser deposition of gold,
Differential scanning calorimetry, DSC, shows that the thermal
decomposition of MeAu(I)Et3P in the solid state is a two-stage process.
The decomposition temperature is 63 ± l°C. Tracks were deposited at
laser scan speeds up to 35 gm s-1 with a beam diameter (1/e 2 ) at the
focus of -12 gim. SIMS, EDX and laser ionisation microprobe analysis,
LIMA, were used to determine the chemical composition of the tracks..
The purity of >98% is consistent with the measured resistivities (4.2 40
cm) at room temperature compared to bulk gold (-2 g f( cm). These
resistivities were achieved without post deposition annealing. Stylus
profilimetry and SEM data showed the lines produced from MeAu(I)Et 3 P
have a virtually rectangular cross-section. Together with the absence of
the ubiquitous X-ripples, this feature suggests that deposition is more
rapid on the gold surface than on the Si0 2 substrate. Laser power
thresholds are lower for silicon substrates coated with thin (5 - 101A)
films of gold or nichrome.

INTRODUCTION

Until recently [1] organogold precursors employed for the laser
deposition of elemental gold have invariably been Au(III) complexes [2].,
Low oxidation state, Au(I), complexes are less stable towards atmospheric
oxidation [3]. However, other features including thermal decomposition
rates, uv spectra and volatility are advantageous. Low resistivity gold
tracks (-4 gfl acm) have been deposited from trialkyl phosphine
complexes, MeAu(I)Et 3 P, using 514 nm Ar+ laser photothermal 'direct
writing' at scanning speeds up to 35 gm s- 1 [1]. Improvement to the
deposition rates are dependent on understanding the michanism of the
therma! decomposition. In this paper, we report some recent results
obtained from differential scanning calorimetry, DSC, studies of the
decomposition of MeAu(I)Et3P. Further data is presented on 514 nm

Mat. Res. Soc. Symp. Proc. Vol. 158. -1990 Materials Research Society
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photothermal deposition of gold on a variety of substrates including a
prenucleated Au coated silicon substrate.

EXPERIMENTAL

The output from an Ar+ laser (Coherent Innova 100 - 10) at 514 nm
was focussed by a quartz meniscus lens to a diameter (1/e2) of 12 Rm.
Substrates were thermally grown SiO2 (100 nm) on (100) crystalline
silicon wafers, (100) crystalline silicon after HF removal of the 'native'
oxide and Au and nichrome coated (5 10'A) crystalline silicon. The
substrates were mounted in a stainless steel reaction cell fitted with a
quartz window. The cell was translated under the laser beam by a 0.1 Am
step size x-y translation stage. Prior to deposition, the cell is evacuated to
better than 10-5 mbar with a turbomolecular/rotary oil pump
combination. The precursors were synthesised by the reaction of
chlorotriethylphosphine gold with either methyl lithium (MeAuEt 3 P) or
ethylmagnesium chloride (EtAuEt3P) according to reported procedures [4].,

The morphology of the deposits were examined by laser scanning
optical microscopy and SEM. Laser ionisation microprobe analysis, LIMA,
and SIMS were used to determine the chemical composition of the
material. Tracks were profiled using a Dektak 3030 instrument.

Thermal analysis by differential scanning calorimetry, DSC, was
performed using a Perkin Elmer DSC II instrument. Samples of MeAuEt3P
were encapsulated, under Ar, in metal pans within a dry box (H20 <2 ppm,
02 <0.I ppm). DSC experiments were performed at temperature ramp
rates,0, of 10 K- 1 min- 1 or 20 K min - 1 with sample weights of 0.4 - 1.2 mg.

A
RESULTS

Samples of MeAuEt3P were heated from 30 0C to 80 0 C at 0 = 20 K
min- 1. A sharp endotherm was observed at 63 ± IVC. After the sample
was cooled to 20'C, subsequent scans at the same scan rate, showed no
peak., The decomposition temperature, Td, was independent of 0 for 0 = 10
and 20 K min- 1 and identical results were obtained for samples sealed in a
Au coated pan. Inspection of the contents after a single scan showed the
endothermic peak was due to thermal degradation of the crystals. In a
second series of experiments, five samples of MeAuEt 3 P were heated at 0
= 20 K min-I until Td = 630 C was attained. The temperature was keptenmtgnt for times,, 81, 1°':- rn0 "v3

.~ t......... . ...~~ hl fro0u .Ju minutes. Subsequently the
temperature was reduced rapidly to 25 0C and DSC scans were recorded up
to 120 0C at 0 = 20 K min "1. In all the experiments, no weight loss occurred
during the decomposition ensuring the integrity of the pans during
temperature cycling. Figure 1 shows a composite plot of the rate of heat
change dq/dt for 8t = 0, 5, 30, 62 and 130 min versus temperature. For
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bt = 0, a single decomposition peak at Td = 63°C is evident, whilst under
isothermal decomposition conditions, two endotherms are apparent at Td =
63°C and 55*C. The relative area under the peak at 55°C increased
relatively to the peak at 631C as 8t increased. At the highest value of 8t
only the peak at 55°C was present. Thus at 8t = 130 min the concentration
of the starting material was reduced to the extent that the endotherm at
Td = 63*C was absent.

030
Timelmin

0I ~30

V
- 0.15

I 130

0 20 40 60 80 100 120

TEMPERATURE / "C

Fig. 1., DSC data for the solid state thermal decomposition
of MeAu(I)Et3P under Ar

For a translation spe' d of 35 g m s- 1, the threshold power for
deposition is 1.0 - 1.2 MW cm- 2 for both MeAuEt 3 P and EtAu Et 3P.
Deposits near threshold appear as a discontinuous line of gold spheres
ranging over a width of approximately 2 gm. Beyond threshold, the
tracks are continuous, with the high nucleation density producing a fine
grained deposit. Urikc other mamrial deposited by laser photothermal
processes [41 the morphology of the tracks lacked the distinctive -rippie
features. Tracks arising from both precursors range in width from -4 tm
at 1.0 MW cm "2 to -20 gm at 2.0 MW Cm-2 ., At higher powers the centre
of the track ablates to produce an irregular cross sectional profile.

--- ---
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Fig. 2. Gold tracks deposited over a silicon/nichrome junction

Gold tracks were deposited on evaporated gold and nichrome (5 -
100A) thin films on silicon substrates. As shown in Figure 2, continuous
tracks over a silicon/film interface was possible. A lower power threshold
for deposition on the gold coating was observed.

CONCLUSIONS

Micron scale tracks of high purity gold with excellent electrical
conductivities can be produced by Ar+ laser direct writing from low
oxidation-state Au(I) organometallic precursors. A high nucleation
density produces a fine grained deposit. Conductivities within a factor of
2-3 times bulk values are achieved without further annealinig. The nature
of the alkyl ligands in the complex does not significantly affect the
threshold powers. The solid state decomposition of MCAuEt3P proceeds
via a two-stage process in which the molecular decomposition occurs at 63
± I OC. Laser power thresholds for deposition are reduced by
prenucleation of the silicon surface by a thin gold film.
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WAVELENGTH-DEPENDENT AREA SELECTIVITf IN PHOTOCHEMICAL VAPOR
DEPOSITION OF ALUMINUM FILMS

MITSUGU HANABUSA AND MASASHI IKEDA

Toyohashi University of Technology, Dept. of Electrical and Electronic

Engineering, Tenpaku, Toyohashi 441, Japan

ABSTRACT

Thickness profile of aluminum thin films deposited from dimethylaluminum

hydride on silicon substrate changed with wavelengths of light chosen from

the wide emission spectra of a deuterium lamp. Under illumination of the

VUV around 160 nm deposits were formed preferentially in illuminated regions,

while such area selectivity was lost and uniformly thick films were deposited

all over the substrate when the UV around 240 nm was used. The observed area

selectivity can be interpreted as arising from a wavelength-dependent nuclea-

tion mechanism; namely, surface photochemical reactions leading to nucleation

are induced only by the VUV, while the UV photons are capable of producing

photofragments in gas phase responsible for nucleation.

INTRODUCTION

Recently we succeeded in depositing highly conductive aluminum thin

films via photochemical surface reactions of dimethyaluminum hydride (DMAlH)
on silicon substrate at substrate temperatures lower than required by

thermal reactions alone [1). As the light source we used either a deuterium

lamp or an ArF laser. The lamp emits light in a wide spectrum with two

distingushed peaks, one around 160 nm and another around 240 nm. The vapor
pressure in a reaction cell was kept low (typically at 6.7x10-

3 
Pa) to

emphasize the surface reactions based on photolysis of the adlayer.

During the course of investigations we found that deposition did not
start when the VUV below 180 nm was eliminated from illumination of the
lamp, while normal growth was observed even without the VUV when the sub-
strate was exposed initially to its full spectrum. Clearly, nucleation in

photochemical surface reactions occurs via a wavelength-dependent mechanism.

In the present work we raised vapor pressure to levels where gas phase
photolysis was not ignored. Under such conditions thickness profile of

deposited films varied as the spectra of the focused light from the deuterium
lamp were changed by various fillers. This resulted from a shift in the

relative importance of surface and gas phase reactions. Normally such a

control on area selectivity is achieved by adjusting vapor pressures or sub-

strate temperature. The piesent work has demonstrated an additional possi-

bility via the selection of wavelengths in illumination.

EXPERIMENT

Figure I shows a schematic diagram for the experimental setup used in

the present work. The reaction cell is similar to what was used in the pre-
vious work (I). However, since the vapor pressure was higher than before,

the CaF2 lens that served also as an optical window to introduce light into

the cell was protected from unwanted deposition on its inner surface by

blowing argon gas. Also a boosrr punp was ubvd instead of a turbomolecular

The emission spectrum from the deuterium lamp (Hamamatsu L1835, 150 W)
after passing through the CaF 2 lens is shown in Fig. 2 (a). To study area
selectivity we needed to focus light on s

4
.licon substrate. The CaF2 lens

used for this purpose had a focal length of 50 mm. The spot size of the
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Fig. 1 Schematic diagram of experimental arrangement.

beam on substrate was approximately 5 mm in diameter. Because of the pres-
ence of this lens the VUV peak near 120 nm was lost. The remaining peaks
appear near 160 nm and 240 nm. The VUV around 160 nm could be chosen by a
narrow-band pass filter (Acton Research 160-N), as shown in Fig. 2 (b). In
this case, the VUV intensity was also reduced appreciably (to one-fifth).
The choice of the UV was easier to achieve; we either replaced nitrogen
flowing in the space between the lens and the pump by oxygen to obtain a
spectrum as shown in Fig. 2 (c), or inserted a low-pass filter (Hoya UV-22)
in the region where nitrogen was flowing (Fig. 2 (d)).

The substrate was n-doped (100) silicon wafer. It was etched in a
buffered HF solution for 2 min, cleaned ultrasonically in methanol for 10
min, and then blown dry with N2 just prior to loading into the cell.

RESULTS

Figure 3 shows thickness profile of alumir-im thin films deposited on
the substrate heated to 200 *C at a low vapor p~essure of 0.013 Pa. The
pattern was obtained under illumination of the full spectrum shown in Fig.
2 (a). Deposition occurred only in the illuminated region. With the
spectrum excluding the VUV (Fig. 2 (c) and (d)) no deposition was observed
anywhere under otherwise identical conditions. This confirmed our previous
result [i).

Next, vapor pressure was raised to 0.16 Pa and the results were shown
in Fig. 4. In this case deposition occurred even with the UV only, but
thickness profile of the deposits varied according to wavelengths. With
either the full spectrum (Fig. 2 (a)) or only the V arouid 6o Lim (kig. Z
()) deposition occurred preferentially in the illuminated regions, just as
in the case of the low vapor pressure. However, deposits were formed even

outside the illuminated regions at the high vapor pressure. This is shown
in Fig. 4 (a). This was observed again at a substrate temperature of 200 *C.

On the other hand the deposited films became uniform in thickness under
illumination of the UV shown in Fig. 2 (c) and (d). The result is shown in
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Fig. 4 (b) for the case of the UV illumination of Fig. 2 (a), Film thickness
was uniform throughout the substrate over a distance of 12 mm. A slope was
observed in thickness distribution, but we believe that this was caused by
spatial variation of vapor pressure or substrate temperature or both. Note
that a similar tendency was observed in Fig. 4 (a). Therefore, the presence
of the slope should not affect main features to be emphasized in the present
experiment.

DISCUSSIONS

From our previous study it is known that at low vapor pressures below
jx10

-2 
Pa deposition occurs via photochemical surface reaction for DMAIH [i].

The evidence to support this conclusion was provided by area selectivity and
the time needed to renew the adlayer on the surface for pulsed laser ir-
radiation. Also the observed dependence of deposition rates on substrate
temperature, vapor pressure, light intensity and others could be explained
by a rate equation set for the adlayer, which was to be photolyzed and
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desorbed under illumination. In view of this we could interpret the wave-

length dependence cf deposition at low vapor pressures easily. Namely,
l 4-...n. by PhtGCh. Ua 6uLrdeu reactions can be initiated only

by the VUV around 160 nm, and the UV is not effective for the formation of
nuclei, even though it can induce the growth of films once nuclei are formed
by other means.

At higher vapor pressures gas phase photochemical reactions take place
in addition to surface reactions, as evidenced by formation of deposits
outside the illuminated regions on substrate surface. In this case radicals
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formed as photofragments in gas phase diffuse over a great distance, and
therefore the nucleation and following growth take place over a wide area
on substrate. When only the UV is present, nucleation must be induced by
photofragments produced in gas phase, and as a result deposits are formed
with uniform thickness all over substrate. On the other hand when the VUV
is present, additional surface reactions are induced in the illuminated
regions, and as a result deposits become thicker there. The VUV is also
capable of inducing the gas phase reactions, because with the VUV alone
(Fig. 2 (b)) thickness profile looked similar to Fig. 4 (a).

From the proceeding argument it is concluded that the change in thick-
ness profile observed at high vapor pressures reflects a shift in the
relative importance of surface and gas phase reactions with wavelengths.
Previously a wavelength-dependent result was obtained for photodeposition of
Fe-Ni alloy thin films [2); in that case, the composition changed with wave-
lengths of laser beams because the absorption coefficient for source gases,
ferrocene and nickelocene, showed a different wavelength dependence. On the
other hand, the presently observed effect is related with photochemically
induced nucleation.

As for the mechanism leading to the observed wavelength-dependent
nucleation phenomena, we can not offer any definite explanation at this
stage. It can be speculated, for instance, that precursors effective for
the production of nuclei in the adlayer are formed by VUV photons only.
Alternatively, the observed effect may be simply a result of surface
cleaning induced by high-energy VUV photons. Recently, an X-ray photo-
electron spectroscopy (XPS) study was carried out to study the initial stage
of aluminum deposition under ArF laser illumination on silicon surface
covered with oxides [3]. Similar studies performed at shorter wavelengths
are expected to be useful to clarify the observed wavelength-dependent
nucleation mechanism.

CONCLUSION

When aluminum thin films were photodeposited on silicon substrate under
illumination of the deuterium lamp, the thickness profile changed with wave-
lengths. With the VUV present, films grew preferentially in illuminated
regions. This effect was most remarkable at low vapor pressures, because
then deposition occurred only within illuminated regions, while at higher
vapor pressures thicker films were formed in those regions. With the UV
only films were deposited uniformly over substrate at high vapor pressures,
while deposition did not occur at low pressures. The observed effects
should reflect a change in relative importance of surface and gas phase
reactions with wavelengths. Nucleation based on photochemical surface
reactions is induced only by the VUV, while photofragments generated in gas
phase and responsible for nucleation can be produced by either the VUV or
the UV. The mechanism responsible for such wavelength-dependent nucleation
is not understood yet.
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KrF EXCIMER LASER DEPOSITION OF TITANIUM FROM TiCI4
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ABSTRACT

We have investigated the deposition of titanium lines from TiC 4
induced by KrF excimer laser (248 nm). Substrates are primarily LiNbO3 ,
for the possible formation of Ti:LiNbO 3 optical waveguides, as well as silicon
and glass. Titanium lines contain [Cl] < 2 at% and are typically 200 to 1000
Angstroms thick with a width ranging from 3 to 20 gim. Results suggest
that the process is controlled by photochemistry of TiCl 4 but it is difficult at
this point to assert which of the gas or adsorbed layer is the primary source
of thin film growth.

INTRODUCION

There is a technological interest in development of processing
technique of titanium (Ti) thin film for optoelectronic applications
(Ti:LiNbO 3 optical waveguides[1]) as well as for microelectronic
applications (contacts for silicon devices [21). Compared to the standard
evaporation technique, the laser direct writing method eliminates the time
consuming and critical photolithography steps and also allows the
deposition of a titanium thin film with a variable thickness permitting the
production of Ti:LiNbO3 optical waveguides with novel properties. Tsao et
al. [3] were the first to report the formation of titanium thin film by laser
direct writing using a frequency doubled Ar+ laser. In this paper, we
report a preliminary study of KrF excimer laser deposition of Ti lines from
TiCl 4 , with a special emphasis on the description and characterization of
the process.

DEPOSITION SYSTEM

Figure 1 describes schematically the experimental set up consisting
of a KrF excimer laser ()X=248nm) with a maximum pulse energy of 100 mJ
and a repetition ate of 5 llz. After thl beam passes through twn
filters (Fl and F2) which decrease the intensity to avoid damaging the
substrate, the beam is focalized with a reflection objective ( X15; NA 0.28)
which offers the advantages of long work distance and low aberrations
needed for our system. The microscope is also used to observe
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the sample before and after the process. Pattern formation is achieved by
moving tesubstrate under the static beam using two computer-controlled
translation stages mounted in a x-y configuration. A manually controlled z
axis is used to set the focal point. The programmable stages have a
resolution of 0.1 jim and the maximum speed is 100 jim/s. The Ti lines are
processed at scan speeds ranging from 0.2 jim/s to 5 jim/s. The window of
the reaction chamber is made of fused silica (suprasil 2). After we reach
the basic vacuum of 10. 3 Torr, the cell is purged with argon before the
deposition process. The reactive gas is TiI 4 (99.999% Alpha products)
which is a liquid at room temperature with a vapor pressure of around 10
Torr. To prevent powder formation, TiCI4 pressure has to be kept below
500 mTorr. After the process the TiCI4 is condensed in a cryogenic trap to
avoid any damage to the pump. Every month, we neutralize the used TiCI4

f with a basic solution of NaOH.
The subtrates used are LiNbO3, glass, crystalline silicon (c-Si). We

have also investigated the use of LiNbO3 covered by a thin layer of
titanium (100 A ) to check if the nucleation of initial layer influences the
thickness. Before deposition, all substrates are washed in organic solvants,
rinsed in deionized water and heated at 120 °C in a vacuum oven for an
hour to eliminate any trace of water which could react with TiCI4 .,

Compared to the cw frequency doubled Ar+ laser, excimer laser is a
possible alternative UV source which presents many possible UV
wavelengths atareasonnable price. However, the fact that excimer lasers

LASER

are pulsed mgtbring two different causes of thickness variation along
the lines.,nadto to the energy pulse variation, depositing step by step
will cause a regular oscillation with thickness which will increase as the
pulses become more distant from each other. Assuming a Gaussian beam
of 10 jim diameter, Table I gives numerical simulation results of the
thickness variation along the line as a function of beam displacement when
there is no pulse energy variation as well as when this variation is + 6%

DE
mJ | I • R

m Mm~k
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which represents our conditions. To obtain a uniform film thickness of a
few percent variation, a beam displacement smaller than the spot radius is
necessary. In order to have thicknesses ranging from 200 to 1000 A, a
beam displacement of 0.1 gim has been chosen which assures us a
thickness variation of + 0,6%.

THICKNESS VARIATION WITH ENERGY
VARIATION AND DISPLACEMENT

E VaWdwoi 0% ±6%

±17% ±19%

10 PM

D ±0.1% ±2.5%

<10 " s % ±0.6%

0.1 rm

CHARACTERIZATION OF TIE DEPOSITION PROCESS

All the subtrates used are opaque at X=248 nm. Because of their low
reflectivities, glass and LiNbO 3 are highly absorbant. The short laser pulse
of 9 ns, might give a local temperature rise which can cause severe damage
to the sample., We optically observed thermal damages on LiNbO3 at
energy pulse as low as 100 nJ which corresponds to a power density of
several MW/cm 2 . The glass is less sensitive with a damage threshold of
140 nJ., When we cover LiNbO3 with a 100 A layer of Ti we observe
damages at around 250 nJ/pulse. For c-Si the threshold is much higher due
to its high reflectivity and higher thermal diffusivity.

Figure 2 shows a typical titanium line on LiNbO 3 covered with a 100
A titanium thin film. The choice of the substrates is justified by the fact
that it enables us to take a 5canning electron microscope picture without
any charging effect. The scan speed is 0.5 um/s, the TiC 4 pressure is 0.2
Toff and the laser repetition rate is 5 Hz.

Line composition made at different energies and pressures and on all
tvne of ruhstrater waq measured by micro Auger electron spectroscopy
with a spatial resolution of 0.1 ILm. Results show that all Ti films are
oxydized due to air exposition and they all contain a very low Cl
concentration ( [C] < 2 at% ).
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Figure 3 shows the linewidth W as a function of pulse laser energy E
for films made on LiNbO 3 at different pressures and at a speed of 0.2 Aim/s
with a repetition rate of 2 Hz (to improve pulse stability). We notice that
W is independent of TiCl 4 pressure and increases monotonically with E.
Assuming a threshold energy to get a deposit, an increase in energy will
increase W and this variation will depend on the beam shape.

Figure 4 shows a Ti line on silicon made at a TiCI4 pressure of 0.3
Torr, laser energy of 36 nJ and at a speed of 0.2 gIm/s. Notice the sudden
thickness decrease near the middle of the line. This is probably due to
either a TiCI4 desorption due to substrate heating at high laser energy[41 or
to an ablation of the film deposited. It is not clear which one is more
important and more experiments are necessary to clarify this
phenomenon,

Figure 5 shows the Ti line thickness as measured by a profilometer
(Dektak, Sloan) as a function of laser energy at two different TiCl4 pressure
conditions. Typical thicknesses vary from 200 to 700 A for Ti lines
deposited on LiNbO3 at a speed of 0.2 jim/s. As the pressure increases,
more molecules in the gas, as well as on the adsorbed layer, can react
leading to a thicker film. As the energy increases, more photons arrive in
the reaction zone leading again to a thicker film.

MODELING THE DEPOSITION PROCESS

In principle the process is either thermal or photolytic or possibly
both. However, it is not a thermal process because of the high temperature
(600 0C) necessary to thermally dissociate the TiCI4 [5]. If this was due to
the short pulse (10 ns), severe thermal damage would certainly occur
because LiNbO 3 is well known to be extremely fragile., Tsao et al [3] did
check that ArT* laser focalised on LiNbO3 in presence of T''iCl4 lead to severe
damage but no deposition. Due to the low gas absorptivity [6] thermal
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reaction is not expected to occur in the gas. This process is certainly not
controlled by thermal reaction.

The process is rather based on photochemical reaction. Photon
energy of 4.98 eV at X=248 nm is certainly enough to break a Ti-CI bond of
4.47 eV bonding energy [7]. However, it is diffrult at this point to say
which of the gas or adsorbed layer is the primary source of thin film
growth. The presence of powder at pressure higher ,han 0.5 Toff suggests
that gas phase reaction occurs, but at lower pressures, the absence of
powder as well as the pressure independence of linewidth (Figure 3)
suggest the oppositei.e. that the adsorbed layer is probably the primary
source of thin film growth. More experiments are necessary to distinguish
between the two processes.

CONCLUSION

We have deposited Ti lines by KrF excimer laser direct writing
primarily on LiNbO 3 and also on silicon and glass. Titanium lines contain
[CI]< 2 at% and have linewidths between 3 to 20 gm with film thickness of
200 to 1000 A. Work is under progress to model this process.
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ABSTRACT
4

Selective depositions of germanium thin films have been investigated in a cold-wall, lamp
heated rapid thermal processor. Films were deposited at low pressures (1 Torr-8 Torr) using the
thermal decomposition of germane. Selectivity was maintained throughout t;c temperature range
investigated, 3500 C-6000C. Growth rates as high as 800 A/min were obtained at 4250 C where
deposition is controlled by the surface reactions, making germanium compatible with the
throughput requirements of single wafer manufacturing. Three dimensional growth was seen at
temperatures above 4500C resulting in a rough surface morphology. Smooth films were deposited
below 4500C with the films characterized by two dimensional growth. In this work, germanium is
considered as a potential material to fabricate MOS transistors with raised source and drain
junctions (UPMOS). Kelvin structures were fabricated to study the effect of the intermediate
germanium layer between aluminum and silicon on contact resistance. It is shown that contact
resistivity is improved by approximately 17% using an AJ/p-Ge/p+-Si structure. In this work, it is
also shown that titanium germanide formation can be used as a means of reducing the resistivity of
the Ge buffer layer.

INTRODUCTION

As device dimensions are continually scaled into the submicron regime, new materials and
processing techniques must be explored to alleviate shortcomings in conventional processing. The
current trend towards reduced thermal budgets and in-situ, single wafer processing has led to the
evelopment of Rapid Thermal Processing (RTP) as an alternative processing technique. The
effective use of rapid thermal processors for dopant activation, oxidation, and silicidation has been
demonstrated [1]. Rapid Thermal Chemical Vapor Deposition (RTCVD) is now being investigated
as a means of depositing a wide variety of films used in the semconductor industry [2-7].
RTCVD systems usually are cold-walled chambers which can allow multiple steps to be performed
in-situ while maintaining a vacuum environment. In-situ processing is expected to reduce
particulate problems which can occur during wafer transport between conventional CVD steps.
There is also the potential of reducing the number of cleaning steps.

Germanium received much attention after the invention of the transistor in 1947., With the
rapid advancement of siliEon processing technology in the 1960's, germanium was abandoned for
silicon in the fabrication of semiconductor devices. There has been a renewed interest recently in
germanium and silicon-germanium alloys for superlattice, quantum well, and heterojunction
transistor structures [8,9]. There are, however, other applications where germanium may be
beneficial in solving problems with existing devices. It is known that current silicided contacts to
ultra-shallow source/drain junctions are limited by the ability to controllably deposit thin metal
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iayers to minimize silicon consumption above the junction. This silicon consumption during the
silicidation anneal can lead to large leakage currents and eventual device failure [10]. In order to
alleviate this and related problems, UPMOS (raised sourue & drain junctions) using selective
silicon epitaxy has been suggested [11]. We have reported before, selective LPCVD of germanium
in a rapid thermal processor as a low temperature/high throughput process for UPMOS [7]. Here
we report the fabrication and testing of Kelvin structures to investigate the contact resistivities
utilizing a germanium layer over source and drain.

EXPERIMENTAL

Germanium depositions were performed in a LEISKTM rapid thermal processor. The
deposition chamber has water cooled stainless steel walls with two quartz windows through which
the wafer is heated via tungsten-halogen lamps. A detailed description of the system used in this
study can be found in an earlier publication [4].

Depositions of germanium were performed on <100> p-type silicon wafers with resistivities
of 16-24 f-cm. The wafers underwent an RCA clean followed by a 10 second buffered HF dip.
A thermal oxide was then grown and patterned using a standard photolithography sequence. The
photoresist was stripped in a H2S04:(NH4)2S208 solution. The wafers then underwent a final
RCA clean and buffered HF dip before germanium deposition. In this study 7% GeH4 diluted in a
hydrogen carrier gas was used. Process pressure was varied from 1 Torr to 7 Torr by controlling
the germane flow and the pumping speed. Deposition rates were obtained by measuring film
thicknesses using a profilometer.

LPCVD OF GERMANIUM

Germanium was deposited using the thermal decomposition of GeH4. The temperature
dependence of the germanium deposition rate is shown in Figure La. Two distinct regions of
growth, typical of most CVD reactions, were obtai, -d. At temperatures below 4250 C the
depositions were surface reaction linited with an activation energy of 41.7 kca/mol. Above 4250 C
the depositions became mass transport limited with an activation energy of 5.1 kcal/mol. The
pressure dependence of the germanium deposition rate is shown in Figure lb. The linear
dependence of the deposition rate at high temperatures is indicitive of a mass transport limited
growth, while at low temperatures the deposition rate saturates with increasing pressure indicating
a surface reaction limited growth. Similar results have been previously reported for LPCVD
germanium in a hot-wall furnace [15]., In order to minimize the effects of the gas flows on film
uniformity one can operate in the surface reaction limited regime. In a single wafer processing
environment, such as with RTP, it is also important to maintain a growth rate that will allow
sufficient throughput. This is indeed possible with germanium, where growth rates as high as 800
A/min are possible at the transition from surface reaction to mass transport limited growth which
occurs at a relatively low temperature of 4250C.

Growth of germanium on silicon results in a ,seudomorphic growth,which affects the surface
morphology of the deposited films. In addition to the critical thickness where misfit dislocations
develop in lattice mismatched systems, there is a critical temperature above which three
dimenqinnil growth occrs [8]FR. Above this cr6ic0 tcmpcraurc is-uinding is ezigclitlyi y favorable
and growth proceeds by the formation of discrete islands with the eventual coalescence into a
continuous film. This can lead to rough surface morphologies as evidenced in Figure 2 by the
scanning tunneling micrograph of a 380 A thick Ge film deposited at 500'C and at a pressure of
3 Tort. In our work, rough surface morphologies resulted at depositions perfotmed above 4500C.
Below 4500 C, a layer by layer growth occured producing smooth films [12]. An SEM micrograph
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Figure 1: a) temperature and b) pressure dependence of the germanium deposition rate

Figure 2: SM image of rough surface Figure 3: Scanning electron micrograph of
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Figure 4: Electron diffraction pattern of germanium deposited on silicon
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c' 00 A thick Ge film deposited at 6350C and 3 Torr is shown in Figure 3. The islanding seen
is typical at temperatures above 450'C. Increasing temperatures increase the island size along with
a corresponding increase in spacing between the islands. This same behavior has been reported by
other researchers in both CVD and MBE systems [13,14].

Germanium depositions in this work were naturally selective up to temperatures as high as
600oC. This is well above the 425*C limit previously reported by other researchers [15]. We feel
this is likely due to the cold-wall chamber used in our study which minimizes any possibility of
furnace contamination. The selective nature of germanium has been attributed to several factors.
The low number of adsorption sites on '!iO2 inhibits the nucleation and growth of germanium
[15]. Germanium atoms from the thernal decomposition of GeH4 react with SiO2 through a
series of reactions yielding the highly volatile GeO which is then easily desorbed [16]. Therefore,
etching and deposition may occur at the same time leading to a selective deposition process. It is
also interesting to note that germanium films were crystalline as evidenced by the diffraction pattern
shown in Figure 4 obtained from a 400 A thick film deposited at 5251C. This may indicate a
reduction of the native oxide during the initial stages of germanium growth.

APPLICATION OF SELECTIVE LPCVD GERMANIUM

Low resistivity contacts to source/drain regions of MOSFET's are commonly formed using
silicided contacts. There are inherent problems with this technique that must be addressed in
submicron devices. During the silicidation anneal, a consumption of silicon in the source/drain
region occurs due to the reaction between silicon and the reactive metal. This may ultimately lead
to excessive leakage currents when the silicidation front is in the vicinity of the depletion region.
Therefore, in ultra-shallow junctions, very thin refractory metal layers must be deposited to
minimize this silicon consumption during silicide formation. One potential solution to this problem
is the implementation of a buffer layer between the reactive metal and underlying junction [11].
Since germanium can be deposited selectively at low temperatures where any dopant diffusion is
negligible, germanium has the potential of being the buffer layer when junctions are formed prior
to silieidation [7,121.a To study the effect of the intermediate germanium layer on contact resistances, four terminal

Kelvin structures, as shown in Figure 5, were fabricated. A field oxide was first grown and
patterned using photolithography to open active areas for the devices. Boron was implanted in the
silicon at 10keWlel6cm-2 and annealed for 15 s in an argon ambient in a rapid thermal processor.
A low temperature oxide was then deposited at 4500 C and patterned to open contact holes to the
implanted regions. Germanium was deposited selectively in the contact holes on half of the
wafers, implanted with boron at 10keV/3el5cm "2 and annealed at 700*C for 15 s in argon.
Complete activation of boron in germanium has been observed at temperatures as low as 500'C
[7]. Aluminum was then evaporated on the wafers and annealed at 3750C for 30 minutes in H2.
By forcing a current between terminals I and 3 and measuring the resultant voltage drop across
terminals 2 and 4 in Figure 5, the resistance of the contact can be determined [19].

istograns showing the contact resistivity with and without Ge are given in Figure 6. As

shown, the measured contact resistivities were, on the average, 17% lower on the germanium
samples than those obtained from the monitor wafers without a selective germanium deposition.

For heavily doped semiconductors, contact resistances of metal semiconductor contacts are
Pexponentially dependant on the barrier height between the metal and miconduc.or as given by

i f' [20):

tRv, 
e•[ 1

1~ L No)]
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The barrier height is determined by the pinning of the fermi level from surface states ond is
approximately Eg/3 for p-type semiconductors. We would therefore expect to obtain a lower
contact resistivity from the Al/Ge system than the AI/Si system.

Another contributing factor to the contact resistance is the barrier due to the band discontinuities
between germanium and silicon. The band diagrams of p-Ge/p-Si and n-Ge/n-Si systems are
shown in Figure 7. In Ge/Si heterostructures it is known that the conduction band and valence
band discontinuities are -0.1 eV and -0.3 eV respectively. Therefore, as demonstrated in Figure
7, the barrier will be greater in p-Ge/p+-Si structures than in n-Ge/n+-Si structures. For this
reason, in this study we chose to investigate the worst case condition, and p-Ge/p+-Si devices
were studied.

Self-aligned silicided contacts using titanium require a two step anneal accompanied by an etch
step betwn the anneals to remove unreacted titanium over the SiO2 (17]. This two step sequence
can be avoided by using a selective deposition of reactive metal. It has been previously
demonstrated that tungsten can be selectively deposited on silicon [18] and germanium [12] using
WF6.

In this work, we have considered titanium as a potential material to form germanide/silicide
structures over source/drain junctions. We have reported before the complete elimination of silicnn
consumption dw'4 ng titnium silicidation utilizing a germanium buffer layer [7]. In this study,
titanium and germanium were annealed in a rapid thermal processor in an argon ambient to study
the resistivity of the resultant germanide/silicide structure. Resistivities of the annealed germanides
are shown in Figure 8. An initial increase in the resistivity, likely due to the incorporation of
oxygen in the films from the oxidation of titanium, was observed at temperatures below 600°C.
Above 600C the resistivity dropped rapidly to a final value of 30 gi-cm. This behavior is very
similar to the behavior of titanium silicide formation [21]. These resistivities were calculated using
the profiles of the annealed species obtained by secondary ion-mass spectroscopy.
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CONCLUSIONS

We have demonstrated the ability to deposit germanium selectively on silicon using the thermal
decomposition of germane at temperatures as high as 600*C. Smooth depositions may be
accomplished at temperatures below 4501C where two dimensional growth occurs. Rough surface
morphologies from three dimensional growth occur at temperatures above 4500 C. Contact
resistivity improvement using germanium layers deposited selectively on silicon has been
observed, with measured resistivities 17% lower than those obtained using conventional Al/Si
contacts. This is largely attributed to the lower bandgap of germanium, resulting in a lower barrier
height Al and Si. We have shown that germanium buffer layers may be used to eliminate silicon
consumption during silicidation anneals in the formation of low resistivity, silicided contacts to
source/drain regions of MOS transistors.
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LASER-INDUCED LOCAL DECOMPOSITION OF ADSORBED TUNGSTEN
FLUORINE MOLECULES FOR METAL DEPOSTON ON SILICON.

Geoffroy AUVERT, Yves PAULFAU, Didier TONNEAU
C.N.E.T. B.P.98, 38243 Meylan, France.

ABSTRACT

Decomposition of tungsten hexafluoride on silicon substrates under CW argon
laser irradiation in the visible domain has been extensively studied in
presence of various buffer or reactive gases. The decomposition rate is found
to be limited either by a mass transport phenomena or by a thermally
activated process. It has been found that no photolytic decomposition can be
invoked as the limiting step in the decomposition rate. Depending on the
partial pressure of added hydrogen, irradiation results in a local deposition of
tungsten, having good electrical properties. In the high pressure domain,
deposition kinetics are consistent with mechanisms invoked in conventional
chemical vapor deposition reactors. A different mechanism appearing in a
lower hydrogen pressure domain will be tentatively interpreted in correlation
with the laser-induced temperature.

INTRODUCTION.

Over the last few years, laser-assisted chemical vapor deposition (LCVD) of
various metals using different kinds of lasers has been investigated. The
gaseous precursors were those commonly used in conventional furnace CVD
studies. For example, the feasibility of LCVD of nickel or aluminium has been
clearly demonstrated by using the laser-induced decomposition of Ni(CO)4 or
AI(CH 3)3 respectively (1,2).

Recently, the use of tungsten-CVD in IC fabrication has been considerably
developed for applications such as contact and diffusion barriers between
silicon and aluminium (3). Consequently a considerable interest has to be
devoted to tungsten LCVD.

The purpose of the present work is to study the growth kinetics of
tungsten dots promoted by laser-irradiation of silicon in presence of WF6-H2
mixtures. The influence of laser-induced temperature, reactant gas pressures
and concentrations is investigated and a growth mechanism of metallic
tungsten is proposed. The purity of the deposits is evaluated by Auger
spectroscopy, X-ray and electrical test measurements.

EXPERIMENTAL SET-UP..

The experimental set-up has already been described in detail in previous
papers (5,6). After placing a substrate in a chemical chamber and pumping
down to a primary vacuum, the chamber is filled with a WF6 -H 2 mixture at a
constant pressure value. The partial gas pressures are adjusted with a
capacitance gauge and can be varied in the range of 1 to 760 Torr. A CW Ar +

laser beam is focused onto the substrate with a 50 cm focal length lens
providing a 200 tun diameter spot on the substrate. The laser is tuned in the
visible range of 480 to 514 nm and operates in the gaussian. mode TEMoo.
The beam is maintained in a fixed position during a given time determined by

Met. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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switching on and off the laser beam with a mechanical shutter. The
substrates used are 1 mn thick quartz plates having both sides coated with a
1 gm thick polycrystalline silicon layer deposited by conventional CVD. The
laser light is totally absorbed into the silicon thin film and the substrate is
locally heated up., The gaseous molecules impinging on the hot zone are
dissociated and gaussian dot-shaped deposits start to grow. After switching
off the beam, the laser spot is displaced using two deflecting mirrors and
another tungsten dot can be grown under other experimental conditions.

The spot diameter is wide enough to carry out profflometer measurements
of the tungsten dots and small enough to remain within the localized CVD
limits. By scanning the laser during the chemical reaction tungsten lines can
be deposited and then electrically characterized by a two point test method.
Tungsten films up to 1 cm 2 can be achieved and characterized by X-ray
diffraction, Auger spectroscopy and nuclear reaction analyses.

RESULTS AND DISCUSSION.

The tungsten resistivity has been measured on strips by a two point test
method., It was found to be independent of the temperature and gas pressures
investigated. The average value of 10 pQl.cm is in good agreement with the
bulk resistivity confirming that the tungsten deposits are of high quality.

1 WF6 pressure,, 5 Torr

H2 pressure,, 700 Torr
0,8 Laser power.6 0 1.lW

* 1.2 W
0 1.3 W

80.2

0
0 1 2 3 4 5

Irradiation time (s)

Figure 1:, Height of Gaussian tungsten dots versus irradiation time for laser
powers of 1.1, 1.2 and 1.3 W and 700 Torr of hydrogen.

The influence of irradiation time on dot height is presented in Fig. 1. The
WFS and H2 pressures were 5 and 700 Tnrr rspe-t-ively. Under g ,,e
experimental conditions, the dot height is proportional to he irradiation time,
and the chemical reaction is considered to occur at a constant temperature
even for an irradiation time as short as 1 sec. The deposition rate of tungsten
is equal to the slope of these curves. The corresponding temperature is
evaluated by using a previously described manner (7,8).:
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Figure 2:' Dependence of the tungsten deposition rate on the reciprocal
temperature at a hydrogen pressure of 700 Torr. In the high
temperature domain, the +, E, + correspond to a WF6 partial
pressure of 2.5 , 5 and 10 Torr respectively. In the low
temperature domain, the observed deposition rate is independent
of the WF6 partial pressure.

The dependence of the tungsten deposition rate on laser-induced
temperature is shown in Fig.2 for 2.5, 5 and 10 Torr of WF6 . The hydrogen
pressure was maintained at a constant value of 700 Torr. A significant WF6
reduction reaction by H2 occurs at temperatures highr than 4000 C. Under
low temperature conditions, the chemical reaclion is thennally activated with
an activation energy of about 14 kcal/molc The reaction rate was found to be
independent of the tungsten hexafluoilde pressure. In this temperature range

Temperature (C)
1000 900 800 70')

10 i I Hydrogen pressure

WF6 pressure 1. 10 TonT 0 30 Torr[~ 60OTorr

0 Ea = 2kcal/mole

0

10.1 J
0,5 0,05 u,95 1,05

1000/T (K -1)
Figure 3: Dependence of tungsten deposition rate on the reciprocal

temperature at hydrogen pressures of 30 and 60 Torr.,
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the W dots are gaussian-shaped. Above a temperature threshold which
increases with WF 6 pressure, the deposition rate becomes independent of the
surface temperature and proportional to the WF 6 partial pressure. Under
these experimental conditions, the tungsten dots are flat-topped.

The dependence of the tungsten deposition rate on the laser-induced
temperature for a low hydrogen pressure is shown in Fig.3. For a hydrogen
pressure of 30 Torr, the deposition rate is lower than at 60 Torr but the
activation energy is the same, within the experimental accuracy, as at 700
Torr. The deposition rate is smaller for a lower hydrogen pressure and a
significant deposition thickness is achieved at temperatures above 700 0C.

Flg.4 shows the influence of the hydrogen pressure on the tungsten
deposition rate. When gaussian dots are obtained, under hydrogen pressures
higher than 80 Torr. the growth rate increases linearly with the square root of
the hydrogen pressure. Similar behavior can be found in a conventional CVD
reactor (9). When the hydrogen pressure is lower than 80 Torr. the deposition
rate of gaussian dots was found to be proportional to the hydrogen pressure
(Fig.5).As far as we know, a similar behaviour has not been found in
conventional CVD and is an originality for the laser-induced chemical
process. In both cases, i.e. hydrogen pressure below or above 80 Torr, the
deposition rate of gaussian tungsten dots is controlled by a thermally
activated process.

Hydrogen pressure (Torr)

100 400 900
I I I

1 WF6 pressure: lOTorrI W 6 pressure : 10 Ton-

0.8
o T = 500*C

0.6 * T= 670'C

o 0.4

o0.2

0
0 10 20 30

Hydrogen pressure (Torr1 / 2)

Figure 4:' Dependence of tungsten deposition rate on hydrogen pressure for
a hydrogen pressure above 80 Torr.

WFx + (1/2) H2 = WFx.I + HF Square root / Hydrogen pressure

WFx + H2 = WFx-2 + 2 HF linear / Hydrogen pressure

Table 1: Correspondence between a chemical reaction and the variation of
rate with the gas pressure.
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Figure 5: Dependence of tungsten deposition rate on hydrogen pressure for
hydrogen pressure below 80 Torr.

Table I shows the pressure dependence of the chemical reaction classically
invoked for tungsten deposition from hydrogen reduction of tungsten
hexafluoride.

At a hydrogen pressure above 80 Torr and a tungsten fluorine pressure
above 2 Torr, all the available sites for WFx radicals are occupied and the
number of physically adsorbed hydrogen molecules are in equilibrium with
the gas pressure. These hydrogen molecules dissociate in a thermally
activated manner and an equilibrium is reached between the atomic and
molecular hydrogen. The hydrogen atoms react with the WFx radicals and the
tungsten deposit is formed. This reaction is described by the first one in table
1 and corresponds to the Langmuir-Inchelwood model.

At a pressure below 80 Torr, the equilibrium between hydrogen atoms and
hydrogen molecules is no longer reached and all the atoms formed react
almost instantaneously and the deposition rate is in this case dependent on
the number of hydrogen molecules adsorbed on the surface. This reaction is
described by the second one in table 1 and corresponds to the Rideal model
(11).

The deposition kinetics of flat-topped tungsten dots is characteristic of a
gas diffusion limited chemical reaction (1), In fact, the deposition rate is
independent of the surface temperature and proportional to the WF6
pressure.

In this high rate regime, the deposition rate is proportional to the surface
collision frequency D of the WF6 molecules. 0 is given by:

SDp
rkT
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where D is the diffusion coefficient of WF6 molecules through hydrogen, p the
WF6 partial pressure, T the temperature of the gas phase and r the radius of
the deposit (about 100 pm).

Since the laser-heated area is very small, the gas phase can be assumed to
be at room temperature. Consequently the calculated deposition rate is
independent of the surface temperature and proportional to the WF6 partial
pressure.

By comparing 0 and the observed deposition rate in the flat topped regime,
the sticking coefficient of tungsten fluorine molecules on a tungsten surface
can be estimated at around 50% of the molecules impinging on the laser-spot
area. These adsorbed molecules are then decomposed and participate in the
growth of the flat topped tungsten dot.

CONCLUSION.

The CW Ar + laser-induced CVD of tungsten dots obtained from the WF6
reduction reaction by hydrogen occurs at temperatures higher than 4000 C via
a thermal process. Pure tungsten films have been obtained and the resistivity
of the deposits is only twice as high as the bulk resistivity. The deposition rate
has been investigated as a function of irradiation time, reactive gas partial
pressures and laser-induced temperature. The reaction is either surface or
gas diffusion controlled depending on the hydrogen pressure-temperature
combinations. At high hydrogen pressures, the surface is saturated in
hydrogen and the reaction is controlled by the formation of hydrogen atoms in
the adsorbed phase. At low hydrogen pressure, the rate limiting step is the
adsorption of hydrogen molecules and the orders of the reaction regarding
hydrogen and tungsten hexafluoride are I and 0 respectively.,
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EXCIMER LASER INDUCED DEPOSITION OF TUNGSTEN
FROM W(CO)6 AND WF*.

BERT OLD RAGER AND FRIEDRICH BACHMANN
Sieiens AG, Corp. Production and Logistics Department.
Otto-Hahn-Ring 6,D-8000 Munich 83, Fed.Rep.Germany

Abstract

ArF laser induced deposition of W from W(CO)6 and WF6 on
Si/SiO2 surfaces was investigated. With an in-situ reflecti-
vity measurement the growth of the layer could be monitored
during the deposition process. We find that the initial stage of
layer growth as well as the reflectivity as a function of
deposition time depends on the laser fluence and on other
deposition parameters, Model calculations, using the optical
constants of deposited films, determined by ellipsometry, have
been performed to compare the measured reflectivity curves with
the calculated curves. The deposited layers have been analyzed
by XPS, AES, X-ray Diffraction and Raman Spectroscopy. Addition-
ally, experiments of direct pattern transfer deposition (via
contact mask) with W(CO)e show the presence of an involved
surface process, whici y Fresnel diffraction caused structures
smaller than 0.5Um.

Introduction

The trend in microelectronics towards smaller geometries and
higher packaging requires new production processes and materi-
als. Laser induced chemical vapor deposition processes, and
tungsten as a material for metallization have gained consider-
able interest because of their favourable qualities. Metalliza-
tion processes as well as other deposition processes with
excimer lasers have further the advantages like low processing
temperature and the possibility for direct resistless pattern
transfer.

Therefore many investigations of excimer laser induced
depositon processes of different materials have been performed
with the aim to achieve application in production for VLSI (1-3].
But the application of such processes requiers an understanding
of the chemical processes involved. For this purpose we have
built up an experiment to investigate excimer laser induced
metal deposition processes.

Experimentsl

At first a brief description of the experimental arrangement
will be given. The samples are mounted in the process chamber on
a manipulator. The base pressure is <10-6 mbar before the
process starts. The process gases were pumped away by a two
stage rotary vane pump and then introduced into a scrubber. A3l
experiments were carried out under gas flow conditions. The
gases are separately controlled by mass flow controllers and the
total pressure by a capacitive pressure gauge and a throttle
valve. W(CO)G is introduced by flowina carriAr qasev of Ar cr

,, through Lhe reservoir of W(CO)e.
The laser entrance window is gas purged (Ar) and equiped with

a special protection tube to prevent depositions on the window.

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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The laser pulses from a Lambda EMG 10031 excimer laser could be
varied in the range of 0-130mJ by a dielectric laser beam
attenuator. In most cases the laser beam was shaped by a
rectangular aperture and focused by a cylindrical lens, in
order to enhance the fluence range on the substrate surface. In
nearly all deposition experiments the laser (repetition rate 20
Hz) irradiated the sample perpendicularly.

The reflectivity measurement system consists of an unpolari-
zed HeNe laser and two photo diodes (for measurement signal and
reference signal), both shielded by an optical filter. We
observed at an incidence angle of 400 the reflectivity changes
due to the growing layers in-situ. In order to eliminate
intensity fluctuations of the HeNe laser, the measurement signal
is corrected by dividing the measurement signal by the reference
signal electronically.

Results and Disclussions

In the first part the deposition experiments with W(CO)s will
be presented, and then some of the preliminary results of the
WF6 experiments will be given.

Most of the layers were deposited on pieces of n-doped
Si(100) wafers (with native oxide) at room temperature. Due to
the ArF laser beam, shaped as mentioned above, the layers cover
an area of about 4x6mm2 . Fig.l shows measured reflectivity
curves as a function of deposition time, at 3 different total
pressures.

to. ArF Loseo n WIC1)/H2 10sccrn

Ar 1201C2m
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Fig.i:Reflectivity of layers deposited from W(CQ) in
H2 and Ar at 3 different total pressures and by
Arh laser (a). Dependence of deposition rate on
total pressure (b).

The reflectivity curves exhibit two typical features, which
were characteristic for the depositions of W from W(CQ)e carried
out under these and comparable conditions. First, the oscilla-
tions in the reflectivity and second, a lower reflectivity value
at the end of the deposition process than at the beginning. At
the beginning the reflectivity is determined by the optical
constants of Si and should be about 35% in the given arrange-
ment. The reflectivity value of the deposited layer is far away
from that expectet for a metallic W laer. An estination With
Lhe~ optical constants of W bulk msterial (even at a small
thickness) should yield R=50% (see Fig.3). The measured reflec-
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tivity curves show clearly that the deposited film is different
from W bulk material.

The dependence of the (averaged) deposition rate on the total
pressure is given by the diagram of Fig.lb. The behavior of
decreasing deposition rate with increasing total pressure can be
explained by the stronger absorption of the laser light in the
gasphase and by reaction- and diffusion-rates of the photoreac-
tion products changed due to the increasing number of colli-
sions. This is consistent with the reuults of ref.[4,5].

In Fig.2 further reflectivity curves show the influence of
the laser fluence; all other parameters were kept constant.
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Fig.2: :.-flectivity of layers deposited from W(CO)b in
Ha and Ar at different ArF laser fluences (a,b).
Dependence of the deposition rate on fluence (c).

The curves in Fig.2a,b exhibit the mentioned two typical
features, but it is also noticeable that in the fluence range
considered, the moment at which the refelectivity is decreasing
faster (but always with nearly the same slope) shifts towards
later times. This means that at lower fluences the deposition
starts after a certain "incubation" time.

Fig.2c shows the dependence of the deposition rate on the
laser fluence. In the semi-logarithmic plot the slope of =2
shuws that a two-photon process must be responsible for the
dissociation of W(CO)s and the deposition. Such kind of proces-
ses have been discussed for the depositions of W from W(CO)o
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with excimer lasers and also for the Group 6 Hexacarbonyls
[6,7].

The chemical composition of the deposited films were investi-
gated by XPS and AES. It should be mentioned that the samples to
be analyzed were exposed to the air. AES depth profiles of W
films produced from W(CO)6 exhibit distributions of _65% W,
=30% 0 and =5% C. These distributions seem to be typical for
deposition processes performed under comparable conditions. The
results agree with the distributions of deposition experiments
from W(CO)6 and UV laser excitation carried out by other groups
[8,9].

In order to clarify the chemical nature of the elements
involved in the deposited films, a XPS analysis of the W4f
peaks yields the following results: In the surface region of the
layer the peaks were shifted towards higher binding energies, in
comparison to W bulk material, and can be identifed to W03.
After sputtering, the W4t peaks were shifted towards the binding
energies characteristic for W bulk [10].

The crystallographic structures of the laser induced films
have been measured by X-ray Diffraction (XRD) and Raman Spec-
troscopy (RS). The XRD measurement of a =300nm thick layer shows
no crystalline W structure, but it seems that with increasing
thickness the amorphous phase becomes more crystalline. In
another film diffraction peaks of WOz and WC could be found but
they were laying on a broad background of amorphous W.

In contrast to XRD, with RS it was possible to detect
crystalline parts of WO together with amorphous parts, by

comparing our Raman spectra with those measured in ref.[11],
where amorphous and crystalline structures of evaporated W03
films have been investigated. Evaporated films annealed at
3500C (crystallisation temperature of a-WOa), show peaks in RS
at z720cm-1 and 807cm-1 , which are characteristic for c-WOa, but
they are still laying on a broad background from parts of a-WO3
It is interesting to note, that these samples, consisting of a
mixture of c- and a-WOa phases, have revealed no peaks in XRD.

We used a simple model, based on the assumption of a constant
deposition rate during the entire film formation, the layer
growth can be simulated for arbitrary optical -onstants. The
reflectivity has been calculated by applying generalized equa-
tions given in ref.[12] for the optical system of an absorbing
layer on top of an absorbing substrate, interacting with
monochromatic light. Because of the simplification of the model,
it can not be expected to reproduce the measured curves exactly,
but the trends will be given in the correct way. In Fig.3 some
calculated reflectivity curves were presented. The upper curve
shows the reflectivity, calculated by the optical constants of W
bulk material. Due to the high absorption coefficient k, a W
layer of about 60nm has already a thickness avoiding any
interference of the light wave with the substrate. The contrary
case is given by the 4 lower curves in Fig.3. In this
calculation the optical constants (measured by ellipsometry) and
the measured (averaged) deposition rates of the films givon in
Fig.i have been applied. The trend in the behavior of the shapes
of the measured curves is reproduced, and by chosing certain
values for the parameters (the optical constants n,k, and the
deposition rate ko) the agreement becomes satisfactory.
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The arithmetical reproduction of the reflectivity curves
given in Fig.2a,b is difficult and unsatisfactory, probably due
to the more complicated situation under the conditions of a
varying laser fluence, which can not described by the model.

Direct pattern transfer deposition experiments have been
carried out in its simplest form, by applying a contact mask.
The mask of a 25U~m thick tantalum foil, structured with stripes
as shown in Fig.4, was laying on a Si/SiO2 substrate and
irradiated '"arpendicular with the excimer laser (both ArF and
KrF). The fo.llowing deposition parameters have been applied:
W(CQ)s /Ar-109ccm, Ar-l20sccm, pt ot =2-3mbar, fluence=30-200mJ/cit'
and deposition time 5-10 min.

W(00)6 /Hs 10sccm Ar a 12Oscmr ArF aser SONJc 20HX
P,~(mbar) n tk k WlAse) ftk k WNWuts)

80- 076 t4 0.64 0.50 3.W 6 2.9 0.1
i S2 16 0.57 0.35 "Pt 1.6 0.3 0.7

- - 602 2.0 0.47 0.15 Substrate- SI 3.85 0.02

>-60 -.. *SPO.~66

401

DEPOSITION TIME (min)

Fig.3:Calculated reflectivity curves as a function of
deposition time for different n,k and ko values.

- At the borders of the depe-ited stripes we can obsqrve both by
light- and scanning-electr.,w-microscope structures with dimen-
sions smaller than O.5um, as is shown in the photo of Fig.4.

0, ]DA tight micrascop. image skI ___-

mask

1 3 0 3 6 9 12 IS
Distantce (Jim)

~20PM

Fig.4:Structures caused by Fresnel diffraction in a depo-
sition from W(CO)s by AnF laser. Spatial light
intensity calculated by Fresnel diffraction theory.
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These structures are caused by diffraction of the laser light
at the mask. The light intensity on the substrate surface was
calculated for the given arrangement via Fresnel diffraction
theory as illustrated in Fig.4 too. The agreement is rather good
and the assumption of surface processes besides these in the
gasphase involved in the deposition from W(CO)s is supported.

Therefore we suppose that the deposition from W(CO)6 can be a
possible model process to test the resolution capability in
direct resistless pattern transfer processes by optical imaging,
despite the conclusion given in ref.[5]. Jackson et al.
reported here about a direct pattern transfer deposition experi-
ment with W(CO).. Applying an optical imaging system, which
should yield a certain resolution, they could not achieve this
resolution in their deposition experiments with W(CO)s.

The results achieved by depositions from W(CO)s indicate the
unfavourable qualities of W(CO)s as precursor molecule and
require to test other W containing compounds. Therefore we have
carried out deposition experiments with WFs diluted in Ha and Ar
using ArF laser excitation. The laser was irradiated perpendicu-
lar onto the Si/SiO2 substrate at room temperature. Fig.5
exhibits the reflectivity of film formation carried out under
these conditions.

10 0 1t' 1 1 1 1 1 ... 1 . . . . - ., ,
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Fig.5:Refelectivity curves of depositions from WFs;
measured (---. ) and calculated (-.o,-o.-).

The agreement with theory is very satisfactory, and only at
the beginning of the depositions were small differences. The
curve (---) has been calculated by employing optical constants
of deposited W films measured by ellipsometry. The layers
deposited from WF, show a totaly different behavior than the
layers deposited from W(CO). They looked metallic and the
optical constants were very similar to the bulk values of W,
Although there were problems of the adhesions of the deposited
films from WFs at room temperature, the first results were very
promising, and the experiments will be continued.
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Conclusions

The deposition experiments from W(CO)* showed results
indicating the unfavourable qualities of this molecule as a
precursor for laser induced deposition of tungsten metallic
layers. Despite of this it seems interesting to perform direct
pattern transfer depositions from W(CO)s by optical imaging. The
first results of film formation from WF* were very promising and
it should be possible to produce laser deposited W films with
good metallic qualities [2]. The reflectivity measurement system
has proved to be a good applicable instrument to observe the
growing layers in-situ. It is possible to control film quality
during the deposition process.
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DIRECT WRITING OF COPPER LINES FROM COPPER FORMATE PRECURSORS
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ABSTRACT

An effective method is described for laser induced additive
formation of copper conductor lines on alumina substrates. The
direct writing process allows for depositions with speeds of up
to 50 mm/s and a resolution of about 10 microns with reliable
adhesion of the deposited patterns.

INTRODUCTION

For interconnection techniques, a laser directed deposition
process is very promising, because of its flexibility in small
production series, and due to its value as a general method for
easy deposition of conductor lines on thin film hybrids.

Differing from on chip applications, the most important
goals to be reached are high writing speeds, easy processing,
and good adhesion and conductivity of the deposited layers,
rather than the beat spatial resolution. To reach high pin
count without deterioration of the dc conductivity or
deviations from the wave resistance of 500, conductor
thicknesses of several microns are indispensable. However, such

$thicknesses are difficult to achieve with high writing speeds.

To overcome this problem, very thin seeds of a noble metal
4 may be laser deposited instead of the complete conductor line.
* The thickness of the conductor line can subsequently be

enhanced to the desired value by currentless deposition of
* copper.

Several authors [1,2] have pointed out that depositions
from solid precursors can be performed much faster than by gas
phase processes, because the writing speed in the former is not
limited by gas diffusion processes. So, decomposition of
palladium acetate or gold inks has been used quite
successfully, however, the deposition speed was still quite4low and the deposited materials were expensive.

More recently, Gupta and Jagannathan [3,4] have been able
to decompose copper formate films with an Ar+ laser in a
pyrolytic process, with speeds of up to 10 mm/s. This gives
good conducting copper lines by use of an easy process.

Here we describe a different method that uses a Nd:YAG
laser and can offer writing speeds of up to 50 mm/s.

JMat. As. Soc. Symp. Proc. Val. 158. @1990 Materials Research Society
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EXPERIMENTAL

Thin film alumina substrates from Hoechst (Rubalit 710,
99.6% AlOs) were immersed in a room temperature saturated
solution of copper formate in deionized water. The solution was
evaporated at 604C to produce flat films of copper formate. On
drying in air, these films form mixtures of the weakly blue
dihydrated copper formate with crystals of the royal blue
anhydride [5]. The grain boundaries between these two different
crystal modifications do not seem to disturb the subsequent
copper deposition process. Film thicknesses of one to fifteen
um were determined by profilometer (Sloan Dektak 3030) scans.

For the deposition process, a laser trimmer (ESI, model
80), providing very high mechanical speeds, was used. The built
in Nd:YAG laser was used in the cw mode, at a TEMoo power of up
to 2W. The beam was focused to give . reaction zone of 10
microns in diameter. Scanning speeds between lmm/s and 200 m.,'s
were employed and the results were evaluated. The lowest speede
resulted in conglomerates of copper grains, many microns in
size, without any mechanical adhesion to the subetrate. The
highest speeds gave very few and small seeds, which could not
be used for a later chemical copper deposition with reliable
results. As an optimum procedure, the deposition region was
scanned at a speed of 50 mm/s with a line overlap of 5 Um. This
way, the whole scanning area was double illuminated, except for
the outermost left and right 5 Mm regions of the scanned area.

To remove the precursor film after illumination, the
substrate was immersed into a 10% solution of formic acid in
water. Ultrasonic treatment during this step can remove loosely
bound copper particles from the substrate surface. This helps
in preventing these particles from getting lost later in the
solution for chemical copper deposition, which may be seriously
degraded by such pollution effects.

The final step was a chemical copper deposition process.
The commercially available solution (Schering Printoganth ML)
was maintained at 600C and copper conductor lines grew at a
rate of about 31im/h. Tape tests were performed for proof of
good adhesion of the deposited lines.

RESULTS

SEM photographs of the laser deposited seeds are shown in
fig 1 (a) and (b). Fig 1 (a) gives a close view of the metallic
spheres 0.1 to 1 pm in diameter. Fig. 1 (b) shows an overview
on a fivefold scanned line. Strong changes of the substrate
surface can be seen. The metal density is found to be maximum
at the borderline of each scanning line and the following one.
The outermost left line, written last, gives hardly any copper
deposits. This suggests that the writing of the preceding line
provides some seeds for the subsequent one. This effect cannot
be achieved by simply writing the same lines repeatedly with
the laser spot, because in this case, the second illuminatin
does not enconter any more regLins of unexposed precursor.

Figure 2 shows a laser written feature before (a) and
after (b) currentless deposition of 3.5 pm copper. Each
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Fig.1:

laser depo-
sited copper
seeds

(a)
close view

(b)
survey on
fi vefol d
scanned area

1~

conductor line was written by six subsequent scans of the
laser. A resolution of better than 10 microns was achieved.

A measurement of the electrical conductivity of the direct
written laser deposits was impossible, because no contiguous

rils 1E, M~ jfc uring this process After tha line th1"lcknezz
has been enhanced by the currentless copper deposition, the
conductivity is about 70% that of bulk copper. Fig.3 shows a
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100 x 100 tims pad, deposited to provide these measurements. It
also demonstrates the elactrunic relevance of the deposition
technique.

Fig.2 (a) Laser written seeding (b) features after subsequent

chemical copper deposition

The tape tests of the final deposits revealed a good adhesion.

The dependence of the laser deposits on copper formate
precursor film thickness was carefully investigated. This
parameter could be governed by the amount of copper formate
solution evaporated during the precursor film formation. At
thicknesses of less than 3pm, no seeding was observed. Between
10 and 15 Pm, the laser deposition resulted in relatively big
grains, which decrease the spatial resolution and cause an
inhomogeneous thickness of the final copper layers. Best
results were obtained with about 5 pm precursor thickness. The
maximum reliable writing speed did not depend on this
parameter. This suggests, that mainly the heat generated on the
substrate surface itself governs the reaction mechanism.

To characterize the deposits chemically, an XS-analysis
of the laser written deposits was performed (Fig.4a). Copper
was found to be in oxidation state I (Cu20) and 0 (metallic
Cu). According to the incomplete surface coverage by the laser
deposits, a huge amount of oxygen and aluminum were to be
expected from the substrate background. This was found, but
unexpectedly, detailed peak analysis also revealed metallic
aluminum (Fig.4b, peak at 73.5 eV), which must stem from
substrate interactions with the deposition reaction. Surface
contamination with carbon and traces of sulphur and nitrogen
were also found. Apparently, these impurities do not have any
import4nt influence on the chemical coppe doposition.
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Fig.3 Copper pad after

chemical copper

deposition,lOOxlO0 jim2  . -

'50 PM

The unexpected observation of some reduction of the A1293
to metallic Al complements the changes observed by SEM on the
substrate surface. These results may be attributed to the very
high power density (2.5xlO6 W/cm 2 ) of the laser.

CONCLUSIONS

A reliable laser direct writing method for copper on
alumina substrates could be established. Cw Nd:YAG laser
scanning on precursor films at speeds of 50 mm/s with
subsequent chemical copper deposition produce electronic grade
interconnection conductors. SEM- and XPS-Analysis suggest a
strong interaction of the substrate material with the duposits.

The Authors wish to thank Dr. U, Roll for performing the
XPS-Analysis.
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ROLES OF GAS PHASE AND SURFACE PHOTOLYSIS IN LASER CHEMICAL VAPOR DEPOSITION
FROM Fe(CO)s

XIN XU* AND J.I. STEXNFELD*
Department of Chemistry, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139, U.S.A.

ABSTRACT

The chemical state of the carbon and oxygen incorporated in iron films
formed by laser photolysis of Fe(CO)s has been examined by profiling XPS
analysis. A significant portion of the codeposited CO is photodissociated
at the growing surface.

INTRODUCTION

Deposition of metallic films by laser photolysis of volatile metal
carbonyls has been the subject of -numerous investigations (1-8). In
particular, deposition of iron from Fe(CO)5-has been brought about by u.v.-
laser excitation (1,7,9), synchrotron radiation [91, laser-driven thermal
decomposition (2], and broad-band u.v. photolysis 110,11). Considerable
contamination of the deposited films by carbon and oxygen is a common
feature in .hese investigations 14-6,121. A study of the deposition
mechanism is essential for understanding the origin of this contamination,
and may also shed light on CO dissociation processes taking place on
transition-metal catalysts in the Fischer-Tropsch reaction.

With 193 and 248>nm excimer lasers, the major products from one-photon
photolysis of Fe(CO) 5 in the gas phase are Fe(CO)x, x-2 or 3 (13-16]. At
higher fluences, sequential photon absorption leads to loss of the remaining
CO ligands. Both Fe(CO) x and bare Fe atoms are deposited at the surface;
this is a significant source of the C and 0 content in the deposited films.
Studies on decomposition of Fe(CO)5 adsorbed-on silver (17], silicon (18), or
platinum (19] single crystals indicate that the principal process which
occurs on these surfaces is Fe-C bond breakage and subsequent desorption of
molecular CO. We are thus led to the set of interrelated questions: what is
the fate of the "codeposited" CO? Is it simply desorbed, or both desorbed
and dissociated on the surface, and in either case, is the driving force
primarily thermal or photochemical?

EXPERIMENTAL

We have addressed these questions by carrying out a series of
photodepositions from Fe(CO)5 over a wide range of experimental conditions,
and analyzing the C and 0 content and chemical states in the deposited Fe
films using profiling AES and XPS. Although XPS analysis of the chemical
state of the incorporated C and 0 is a very incisive probe, few such
analyses have hitherto been reported. The deposition apparatus usec. in our
earlier work [5) was extensively improved to reduce background pressure to
<5x10 " 7 Torr in the deposition region; this results in less than 3%
contamination of the film from background gas adsorption, under our
deposition conditions. Entrance window fouling was also eliminated by
incorporating several concentric baffles between the deposition region and
the window. The pentacarbonyl iron (Alpha, 99.5+%) was further purified by
several freeze-pump-thaw cycles- and introduced by a dosing tube located -1
cm above the substrate. 100 mTorr of flowing argon (Matheson 99.9995%
purity) was used as both purge and buffer gas. Photolysis was carried out
using a Lumonics TE-861 pulsed excimer laser at the ArF* (193 nm or 6.4 ev,
0.3 - 28 mJ/cm2 ) and KrF* (249 nm or 5.0 eV, 215-90 mj/cm2 ) wavelengths.

Characterization of the resulting fi3.,.ns was conducted ex situ on an
SSX-100 XPS spectrometer and a PHI 660 Scanning Auger Multiprobe located at
the Harvard-M.I.T. "Cambridge Surface Facility". The film samples wereIMat. Res. Soc. Symp. Proc. Vol.-158. ©1990 Materials Research Society
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stored in small double desiccators filled with high purity Ar gas, and the
necessary transfers were done in glove bags under flowing N2 . -While this
method unavoidably led to surface contamination of the sample, such
contamination was limited tc the top - 100A of the material, since the
oxidized overlayer protects the integrity of the underlying material (9].
As shown in Fig. 1, the C and 0 content of the-material below the topmost
layer can be as low as 9 3% (near the detection limit for carbon). In
profiling XPS, therefore, after the top layer is sputtered off, subsequent
XPS scans are representative of as-deposited material (Fig. 2a) . The XPS
spectrometer was calibrated using gold and copper reference standards for
peak positions (203, and Fe203 for sensitivity factors.

RESULTS AND DISCUSSION

Depositions were carried out with the wavelengths and- fluences noted
above, on both Si(100) and- silica substrates. We found- that the C/Fe and
O/Fe ratios increase with decreasing fluence at both 193 and 248 nm;
analysis of the C and 0 XPS spectra showed that, at all fluences, the major
portion of these elements was present in the carbide or oxide forms (19,21),
rather than as undissociated CO. An example of such an analysis, at low
laser fluence- (0.3 mJ/cm2 at 193 -nm), is- shown in Fig. 2b. At this fluence,
the temperature rise in the film due- to the laser pulse, estimated using Eq.
(10) of ref. 22 or Eq. (5) of ref. 23, is less than I or 2*K. Since the
thermal dissociation of CO adsorbed- on Fe takes place only at temperatures
above 3750K [21,24], this result provides clear evidence for photochemically
induced dissociation of CO in the-growing-Fe film. This is supported by the
following observations: (1) At higher laser fluences, or when using
substrates having- lower thermal conductivity (such as silica), the
temperature increase-is correspondingly larger. Under these conditions, the
C and 0 content of the film is decreased, since laser-thermal desorption of
CO molecules- dominates thermal dissociation. (2) Based on the data in Ref.
(21], thermal dissociation of a3-CO on -Fe (100) results in only about 0.05
monolayers of C and 0 being incorporated at the surface. This is in
accordance with the observation 19. i() that Fe -films- pyrolytically
deposited- from Fe(CO)5 in UHV usually contain less than 5% C and 0.

The ability of 193 nm (6.4eV)- or 249 nm (5.0 eV) photons to bring about
disruption of CO adsorbed on transition-metal surfaces can be understood in
terms of the considerable weakening of the CO bond from its gas-phase value
(25]. A substantial decrease in the C-O stretching frequency has been noted
for CO adsorbed on -Fe (24,26,27], Mo (28,29], and Cr (30]. Using the
empirical relationship between stretching frequency and bond dissociation
energy proposed by Zavitsas (31], we may estimate the bond energy for a3-CO
to be in the range 4.3 - 6.7 eV, easily accessible by excimer laser photon
energies. Nonthermal photolysis of adsorbed molecules has also recently
been reported for 02 on Pd(111) [32] and NO on Si(lll) 7x7 [33], which
suggests that this may be a quite general phenomenon (34].

A complete model for *he photodeposition process, incorporating gas-
phase and surface-phase reactions, which accounts successfully for the
dependence of film growth rate and carbon/oxygen incorporation on laser
fluence and wavelength, and substrate -temperature and composition, has been
developed. This model, and comparison with experimental measurements, will
be described in detail in a forthcoming publication (35].
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Figure 1. Profiling AES (PHI-660) scan of film deposited on silica by
photolysis of Fe (CC) 5 by K1rF excimer laser (10 Hz, 300 bec exposure at
24 m.j/CM2 per pulse). The C and 0 content in the bulk of the filil are
(2.0-2.5%) and (2.5-3.0)%, respectively.
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Figure 2. Profiling XPS (SSX-l00) scan of carbon (is) peak in film
deposited from photolysis of Fe(CO)5 by ArF excimer laser (20 Hz, 500 sec
exposure at 0.3 mJ/cm2 per pulse). The C/Fe and O/Fe ratios in this film
are each approximately 0.46. (a) C(ls) peak during sputter profile
sequence. The top trace represents adventitious C introduced during sample
transfer; the next 20 scans are taken after successive 98-sec sputtering

0intervals. The total film thickness is estimated as 2000 Afrom the total
sputtering time required to reach the Si(100) substrate. (b) Analyzed
C(ls) spectrum at the 15th scan in (a). The major peak at 283.15 eV,
constituting =70% C, is assigned to carbidic C in iron; the "emaining C(is)
intensity at higher binding energies is assigned to undissociated CO, either
embedded in or at the surface of the iron film.
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Edinburgh EH14 4AS, Scotland

ABSTRACT

Hydrogenated amorphous silicon-carbon alloys, a-Si:C:H, have

been deposited as thin films (d=0.1-0.5 micron) on crystalline

silicon substrates from a capacitively coupled rf discharge in

silane-propane mixtures. Variations in the stoichiometry of the

films were achieved by altering the ratio of SiH 4 to C3 H8 flow

rates at a substrate temperature in the range 240-260 
0 C and

total pressure betoeen 30-70 mtorr. The silicon to carbon ratios

were established by X-ray photoelectron spectroscopy, XPS, and

the hydrogen content and distribution by infra-red spectroscopy.

For films with a carbon fraction 0.15-0.30, the surfaces

oxidise on illumination with the collimated output of a 150W

xenon arc lamp. At the maximum light irradiance of 30mW cm 2 the

measured surface temperature did not exceed 50
0 C. Photo-oxidation

also occurred using the frequency doubled output (257nm) of an

argon ion laser.

Films deposited on 7059 glass were photo-oxidised for

increasing illumination periods until the absorption curves were

unchanged. The increase in the band-gap was measured by convent-

ional Tauc plots. The slopes, and thus Tauc B-values, were

identical in the as-prepared and oxidised films.

Infra-red absorption measurements, using attenuated total

reflectance, ATR, have been performed on the oxidised a-Si:C:H

films. Inductive effects on the nearly degenerate symmetric and

asymetric Si-H stretching modes were correlated witn the degree

of oxidation. Additional vibrational modes at wavenumbers greater

than 2100cm - I have been assigned to SiHx, x=l or 2, groupings

with contiguously bound oxygen. In contrast, the band envelope

of the C-H stretching mode remains virtually unchanged when the

films oxidise. Oxygen contents were determined by SIMS and laser

ionisation microprobe analysis.

Films prepared with a lower carbon content undergo less

rapid or negligible photo-oxidation. Hydrogenated amorphous

silicon, a-Si:H, does not oxidise when illuminated with uv

radiation at powers of the order of 50mW cm- 2 .

Mat. Ret. Soc. Symp. Proc. Vol. 168. 01990 Materiats Research Society
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INTRODUCTION

Hydrogenated amorphous silicon and the corresponding

silicon-carbon alloys, a-Si:C:H, are technologically important

materials. The latter has received increasing attention following

its use as wide band-gap p-doped window layers in pin a-Si:H

photovoltaic cells. Carbon incorporated into a-Si:C:H prepared

by rf discharges is not randomly distributed throughout the

network. Electron diffraction and EELS studies [1] indicate the

preference for carbon to coordinate to four silicon atoms in

dilute alloys. Current models for the structure of a-Si:C:H

invoke a degree of ordering of carbon in the framework. The first

comprises stoichiometric, but not necessarily crystalline,domains

of SiC embedded in amorphous silicon. An alternative description

involves a tetrahedral framework where each carbon atom is co-

ordinated to silicon.

The surface stucture and chemistry is equally cowplex. An

examination of the surface layers of a-Si:C:H by XPS [2] shows

that atmospheric oxidation is facile but that the oxide thick-

ness is self limiting. Differences in the film morphology could

influence the surface reactivity as in a-Si:H itself. In

particular, the conditions of film growth changes the reactivity

of the surface layers to atmospheric oxidation. Certainly films

prepared by SiH 4 /CH4 discharges in a H 2 diluent are less reactive

towards oxygen (3]. Concomitant stuctural differences in the

bulk material occur especially the hydrogen content and its dis-

tribution within CH groupings, as a consequence of the presence
- " X

of H2 in the plasma.

Amorphous silicon-carbon alloys prepared from Si1H4 /C31H8

mixtures undergo photo-oxidation 14] on uv illumination at low

powers. At the irradiances used the surface temperatures do not

exceed ca. 500C. Evidence from the spatial resolution of the

process, low surface temperatures and the dependence of the oxid-

ation rate on carbon content demonstrates that the phenomena

is not thermal in character. The irreversible photo-structural

change has been studied by ATR infr-red spectrosopy, XPS, SIMS,

laser ionisation microprobe analysis and silicon edge EXAFS [5].

The conversion of a-Si:C:H 4nto an insulator has been

utilised by photochemically fabricating the gate electrodes in

a-Si:H field effect transistors [6]. Further applications in
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electronics and optoelectronics are envisaged. The present study

reports the changes in the optical absorption of thin a-Si:C:H

films subject to uv illumination.

EXPERIMENTAL

0

Thin films (approx. 150 A) of a-Si:C:H were deposited on

optically polished (100) crystalline silicon, silicon trapezoids

or Corning 7059 glass substrates in a capacitively coupled

rf (13.56MHz) discharge reactor. The cubstrates were attached to

the upper grounded electrode and independently heated. Electronic

d grade gases, SiH 4 and C3H8, were admitted to a stainless steel

chamber via mass flow controllers. The total pressure in the

plasma chamber was measured with a Baratron capacitance manometer.

During deposition the pressure in the reactor remained constant

and the gases were vented via a mechanical rotary pump. Prior to

deposition the chamber was purged with argon and evacuated to

less than 10-6 torr in several consecutive cycles with a Fomblin

filled diffusion pump. Residual gab analysis was performed with

a quadrupole mass spectrometer (Hiden Analytical) independently

pumped to less than 10-9 torr with a turbomolecular pump. Gases

from the plasma chamber were sampled through a needle valve.

Films were illuminated orthogonally by the collimated out-

put of a 150W Xe-arc lamp. Irradiation was carried out either

directly or through a polycarbonate or glass filters to remove

wavelengths below ca. 300nm. Thermocouples attached to the front

face of the wafer indicated temperatures below 50 C even at the

highest illumination powers. Unfiltered light intensities from

the lamp (Wotan) were measured to be 30mW cm-2 at the film

surface. Film thicknesses of 100-150 A were deposited on 7059

glass substrates. Absorption measurements were made on a

Shimadzu spectrophotometer. The band-gap of a-Si:C:H alloys,

prepared from SiH 4/C3H8 mixtures, are empirically related [7]
to the carbon content via E gE 04ax where x is the carbon

g c c
content below 0.6. Standard Tauc plots were linear for values of

the absorption coefficient greater than 104. Temperature profiles

in continuosly irradiated films can be estimated from the heat

flow equations described by Lax. The maximum temperature rise

at the surface,Tm, of an infinite solid is given by equation(1).

This equation is valid for the case where the beam radius, w, is

j_
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greater than the absorption length,O' , and that T is suffic-m
iently small that the temperature dependence of Of and the thermal

Tm1P/(2%!2 Kw)-1 (1)

conductivity, K, can be ignored. For an incident power, Pop of

50mW and w=2mm then T is approx. 0.05K for crystalline siliconm

(K=145W m- 1 K'1). The thermal conductivity of a-Si:H and its

alloys depend on the composition of the sample but lies in the

range 0.7-30W m- I K - . The lower limit is a factor of 2-3 smaller

than that of a-SiO 2 or a-C:H. Adopting K=0.7W m
-1 K- then Tm is

less than 10K for P 050mW at 257nm. According to the Einstein-

Smoluchowski equation, the rms diffusion length is smaller by

x2-3 orders of magnitude than the observed oxide thickness prod-

uced on illumiDation. Evidently, a thermal mechanism can be

excluded from consideration.

The a-Si:C:H films for ATR infra-red measurements were dep-

osited directly onto one side of a silicon trapezoid. A single

pass configuration was employed with a 450 angle of incidence.

With this configuration, the effective sample thickness is approx.

50d where d is the film thickness. Infra-red measurements were
made with a ratio-recording spectrometer(Perkin-Elmer 580) eq-

uiped with a microcomputer for data acquisition.

RESULTS

Absorption Measurements

Figure I shows the dependence of the absorption coefficient

prior to and after illumination with the collimated output of a
200W Xe-arc lamp. The corresponding Tauc plots are shown in

Figure 2. The shift in E is approx. 0.5eV when the films areg
completely oxidised. At this point the value of E corresponds

g
closely to that in a-SiO 2. It is evident from the data in Figure
2 that the Tauc B-values are similar for the original and photo-

oxidised material.

Infra-red Studies

Figure 3 Illustrates a typical infra-red ATR(45 ) spectrum
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of an a-Si:C:H film with d=O.l micron deposited on a silicon

trapezoid. Radiation introduced through the entrance aperture

of the trapezoid propagated via a single pass to the exit aperture

~0 .2

o-Si:C:H /7059 glass - before illumination

o.. lter uuminoton

a)

a:0.1

r~ \

a'S

300 400 500 600 700 800

WAVELENGTH/ nm

Fig.l. Absorption spectrum of thin a-Si:C:H film (d-200A) before and
after illumination for a period of 120 min.

Due to absorption in the silicon, the wavenumber range was

limited to 4000-1400cm
-

. The stretching mode of isolated SiH

occurs near 2000cm
-1

. Absorption bands in the 2100-2000cm
-1

region are assigned to the virtually degenerate symmetric and

asymmetric SiH stretching modes in Sill2 groupings. As shown in

Figure 4, an intense band was observed in the SiH stretching

400 /

300 -

0. 000 o0 Fig.2. Tauc plot

0, before illumination;

. 0, after illumination.

t0o

:i! I
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region due to SiHtX groups attached both to silicon and carbon
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atoms. The structured band in the 3000-2800cm -  region, as ill-

ustrated in Figure 4, is due to the fundamental stretching modes

of CHx, x=1-3, groupings. A comparison of the spectral data with

II

*OCO XW AEO NA/. 20M w

Fig.3. ATR infrared spectrum of
an a-Si:C:H film.

the contour produced by the superposition of the five stretching
3modes associated with the sp CH groupings show that each group

x
is present in the films. As shown in Figure 4 spectral changes

were evident after the a-Si:C:H films were illuminated in air

at room temperature. The Si-H stretching band exhibited a

shoulder at higher wavenumbers following irradiation. Prolonged

illumination produced a broad absorption which extended to almost

(a) .. (b)

VI IM 0 I

II

I I I I I

Fig.4(a) Carbon-hydrogen and (b) silicon-hydrogen stretching

modes, - before illumination; ---- after illumination.

2300cm -1 . The unstructured band is assigned to the inductive
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infra-red shifts caused by selective oxidation of SiH or SiH 2

groupswhich engenders additional modes extending to ca. 2300cm

The band envelope of the C-H stretching modes remained virtually

unchanged upon oxidation.

CONCLUSIONS

The photo-oxidation of thin films of a-Si:C:H may be monit-

ored by absorption spectroscopy. An increase in the band-gap of

Kca. 0.5eV was observed when a thin film on 7059 glass was fully

oxidised. The negligible effect on the Tauc-B values suggest that

there is little added disorder caused by the oxidation.

ACKNOWLEDGMENTS

The authors wish to thank the Government of Pakistan for

the award of a studentship to AQ and The British Council for

financial support to IMO.

REFERENCES

1. Y. Tawada, H. Ikamoto and Y. Hamakawa, Appl. Phys. Lett. 39,
237(1981).

2. J. Tafto and F.J. Kampas, Appl. Phys. Lett. 46, 949(1935).

3. Y. Katayama, K. Usami and T. Shimada, Phil. Nag. B 43, 283(1981)

4. S.E. Hicks, A.G. Fitzgerald, S.H. Baker and T.J. Dines, Phil.
Hag. B submitted for publication.

5. P. John, A. Qayyum and J.I.B. Wilson, Elect. Lett. 25, 930(1989)

6. P. John, 1.M. Odeh, A. Qayyum and J.I.B. Wilson, in preparation.

7. J.I.B. Wilson, A. Qayyum, S. Al-Sabbagh, H. Jubber and P. John
Proc. Int. Conf. Amorph. and Liquid Semiconductors, N. Carolina
1989.

8. A. Qayyum, Ph.D. thesis, Heriot-Watt University, Edinburgh 1989.



189

METAL DEPOSITION WITH INCOHERENT EXCIMER RADIATION

Hilmar Esrom and Ulrich Kogelschatzx
Asea Brown Boveri AG
Corporate Research Heidelberg, D-6900 Heidelberg, FRG
xCorporate Research Baden, CH-5405 Baden, Switzerland

ABSTRACT

VUV light-induced decomposition of palladium acetate films was performed by
using a new incoherent excimer source. With pure xernon this excimer source
emits radiation peaking at a wavelength of 172 nm. We investigated mainly the
palladium deposition from spin-on palladium acetate films on aluminum oxide
substrates. By using EMP we determined the palladium thickness as a function
of UV intensity and exposure time. A remarkable temperature effect of the
photolytic deposition process was observed also in a temperature range in
which no thermal decomposition is possible. The exposure of spin-on
palladium acetate films on ceramic substrates was also accomplished through
metal cor.f- t masks. Patterned palladium films were reinforced by electroless
copper ar ickel plating processes [1]. The obtained structures had the same
high edge uality as thosf produced by using excimer lasers [2].

INTRODUCTION

In the past several years photo-induced deposition techniques have emerged
as a new important area of thin film technology. In particular, photochemical
vapor deposition (photo-CVD) techniques have been studied extensively [3].
This method has potential applications in semiconductor processing and
device fabrication. Utilizing photo-CVD high quality thin films of metals,
dielectrics, and semiconductors have been produced with highly resolved
structures < 1 pim. However, it is very difficult to metallize large substrate
surface aeas ( - mm 2 up to some M2) with film thicknesses >> 1 pm using
lighi-induced deposition methods only. Many applications in the fields of
hybrid circuit technology, sensors, and EMI shielding require large area
processing. For these purposes, the combination of light-induced deposition
techniques with conventional deposition methods is very well suited [1,2,4-7].
The hybrid deposition process is a two-step method. The first step is the photo-
induced deposition and patterning of thin catalysts on arbitrary substrate
surfaces. The second step is the amplification of the prenucleated areas in
conventional electroless metallizing baths. For the first step, the use of thin
solid films as source for deposition of the catalysts has many advantages
compared with deposition from the gas phase [8-13]. The decomposition of the
spin-on metalorganic films can be performed in air or inert gases. No
specialized reactors and gas transport or distribution systems are needed. In
most cases the pyrolytic decomposition of the spin-on films was performed by
using CO2 lasers and Ar+ lasers. The application of deposition methods to
p asfJcs (poly;mide, polya ilude, etc.) or o thermally fragiie substrales
requires low temperature processing e.g. the photolytic activation or

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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passivation of substrate surfaces followed by electroless metal deposition
processes. D.J. Sharp et al. [15-19) reported on the UV light-induced
inhibition of electroless copper plating using a low pressure Hg lamp. This low
temperature technique is a three step method : latent image formation by
photo.oxidation of a sensit!zer, activation in a solution and electroless
metallization. Recently, we investigated a two-step deposition method by using
an excimer laser in the first step for the photo-induced decomposition of thin
spin-on palladium acetate films [1,2]. The deposited thin palladium films were
successfully used as a catalyst for electroless copper and nickel plating. With
one laser pulse it Is possible to deposit large areas and features with high
resolution simultaneously. Especially remarkable is the sharpness of the
edges of the structures (Fig.1) without particles in the surrounding area which
are often present at lines written with an Ar4 laser [13]. The investigated two-
step deposition method using an excimer laser with metal contact masks leads
to structured copper coatings on A120 3 substrates with excellent adhesion >
30 N/mm 2.The main aim of this work was to study the new two-step deposition
technique by using a new incoherent excimer source for the decomposition of
palladium acetate films instead of an expensive excimer laser.

I

Fig. 1 Typical edge quality of structures achieved by the two step
dCpO1sitiOn method by using UV excimer sources; scale: 10 im
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EXPERIMENT

Incoherent Excimer Source

For the photo deposition exoeriments we used Incoherent excimer radiation
from a dielectric-barrier dic'".-_rge (silent discharge) operating in pure xenon.
The discharge was Initiated in an annular gap between coaxial quartz tubes
which was filled with xenon at a pressure-of 600 mbar. In the perfc ned
exporiments the outer quartz tube had a diameter of 4 cm and an active length
of 15 cm. The radial width of the annular discharge gap was about 0.8 cm.
Inside the inner quartz tube an aluminum foil served as one electrode while
the other electrode was formed by a wire mesh around the outer quartz tube.
More details about this special UV source can be found in references [20-23].
The discharge was operated with a power supply delivering a sinusoidal
voltage of about 20 kV peak value at about 15 kHz. Up to 500 W electrical
power was fed into the discharge which corresponded to an electrical power
density of -2.5 W/cm2 of electrode area. With an assumed UV efficiency of 5%
we estimate the UV output to reach 125 mW/cm 2. In such silent discharge
configurations [20-23] the current flows in a large number of statistically
distributed microdischarges. Inside the microdischarge filaments xenon atoms
can be excited by electrons and, under certain conditions, can form Xe2*
dimers. The unstable Xe2* dimers decay within nanoseconds and give off
their binding energy in the form of vacuum UV radiation centered at 172 nm
and having a half width of about 12 nm. There is practically no other radiation
coming from this discharge in the wavelength region between 100 nm and 800
nm. The energetic UV radiation (7.2 eV) is very effective for the described
deposition process.Some special properties of this UV source may be of
importance for the photo deposition process. Like every silent discharge the
xenon UV source has two "active" phases during each cycle of the feeding
voltage in which bursts of UV pulses are emitted [22]. Since the individual light
pulses are very short (10 ns) their peak intensity is by orders of magnitude
higher than the quoted average intensity. The 172 nm radiation is completely
absorbed in oxygen over a short distance leading -one formation if the UV

source is operated in open air. For our deposition experiments the UV source
was operated in a reactor (Fig. 2 ) that could be evacuated and flooded with
nitrogen or argon. The distance between, *mple and UV source was about 1
cm and typical exposure times reached several minutes. Without a special
cleaning and pretreatment, palladium acetate films were spin-coated onto
rough A1203 substrates (Hoechst Ceram Tec AG) usually used in hybrid circuit
techniques. The palladium acetate layers were irradiated with VUV light. The
thickness and the morphology of the films were determined by the electron
microprobe (EMP)(JEOL JXA-733 ELECTRON PROBE). For the thickness
measurement we calibrated the EMP with an interference microscope (Carl
Zeiss). For this purpose we used various film thicknesses on glass substrates.
The purity of the palladium films was investigated with ESCA.

N
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Fig. 2 Experimental set-up of the UV exposure reactor

RESULTS

Deposition Experiments

The absorption properties of the palladium acetate films were obtained with a
quartz (suprasil) plate dip-coated in a solution of 1 g palladium acetate in 180
ml chloroform. The transmission curve In Fig. 3 was measured with a vacuum

15
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E
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0 I

160 180 200 22o nm 240
Wavelength X

Fig. 3 Transmission of a dip-coated palladium acetate film
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monochromator and a deuterium lamp. It Is normalized by the transmission of
an uncoated quartz plate. Strong absorption is observed at wavelengths
below 230 rim. The wavelenghth of the xenon excimer source (172 nm)
coincidences with the minimum of the transmission curve. In the performed
deposition experiments we investigated mainly the decomposition of a 800 A
thick spin-on palladium acetate film on rough A120 3.The spin-on films were
prepared from palladium(ll)acetate dissolved in chloroform using a
concentration of about 0.15 mole/I. After UV light exposure, the unexposed
parts of the palladium acetate film were removed by washing them away using
chloroform. With EMP we measured the film thickness in the grain boundaries
and on the A120 3 grains. In these cases the electron beam diameter was about
2 gim. To achieve a mean film thickness we used a scanning area of about -
10-3 mm 2. We found most of the palladium acetate in the grain boundaries.
Typically for a mean thickness of about 800 A we estimated in the grain
boundaries a thickness of about 1400 A, however on the grains only - 40 A. In
first experiments we investigated the influence of the UV light intensity on the
deposition rate. Fig. 4 shows the mean palladium thickness as a function of the
electrical power Pel at an exposure time of 10 min. The increase of the power
from 70 W to 450 W leads to an essentially tenfold increase in the palladium
thickness. One also observes that in the low power region up to about 250 W
the thickness depends linearly on the electrical power of the UV source. Fig. 5
shows the mean palladium thickness as a function of the exposure time at
Pei= 400 W. At short exposure times of - 3 min the palladium thickness is
estimated to be - 5 A. At exposure times < 12 min the deposition rate amounts
to - 4 A/min. The complete decomposition of the palladium acetate film is
apparently reached at - 15 min leading to the final mean palladium thickness
of - 55 A. In this case we estimated in the grain boundaries - 85 A and on the

50A -
• -

1 0 x-
exposure time x#A t= 10 min

30.

4-

10

0 160 2O 3 0 500oo W

electrical power PM--

Fig. 4 Palladium thickness as a function of the electrical
power Pei; initial palladium acetate thickness - 800 A
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Fig. 5 Palladium thickness as a function of the exposure time:
exposure of a 800 A (-) and a 100 A (----) thick palladium
acetate in N2,

grains a thickness of about 12 A. The curve with the broken line describes the
deposition of palladium from a thinner palladium acetate film (- 100 A) at

- different exposure times. In this case the complete decomposition yields a - 10
A thick palladium film.

The effect of the substrate temperature on the deposition rate was examined
by heating the substrate holder. At Pei= 300 W we determined the
decomposition times t at different substrate temperatures T. As can be seen in
Fig. 6 the temperature has a remarkable influence on the deposition rate
(dashed curve). Such strong temperature effects on the decomposition were
also found by Ye and Hunsberger [24] In the case of the UV light-induced
decomposition of ammonium tetrachloroaurate/nitrocellulose (s. Fig. 6).

Morphology and Purity of the Deposited Palladium Films

Interesting differences were found between palladium films deposited with the
incoherent Xe2* excimer source at X=172 nm and with an ArF* excimer laser
at X=193 nm. In the first case as shown in Fig. 7 we obtained smooth
palladium f i lms following tie roughness of ihe Ai2 O3 substrate (Hoechst
Ceram TecRubalit 710). Excimer laser-induced deposition, on the other hand
resulted in discontinuous palladium layers with nuclei of about -0.1 .m
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Fig. 6 Influence of the substrate temperature T(OC) on the
decomposition time t

average diameter (Fig. 8). Similar results were obtained with smooth surfaces

of quartz and silicon. Deposition with the incoherent excimer source resulted
in smooth films of almost specular reflection. The SEM picture in Fig. 9 shows
only the fine structure of the quartz surface in the deposited films. Again,
excimer laser-induced deposition resulted In discontinuous palladium layers
(Fig. 10), which are characteristical for decomposition of the palladium acetate
film with UV laser pulses independent of the wavelength and the initial
palladium acetate film thickness [25]. Using excimer laser pulses, the fast
energy coupling into the palladium acetate film leads to a thermal component
so that discontinuous palladium films are produced independent of the special
excimer laser parameters [25]. As far as the purity of the palladium layers is
concerned we determined with ESCA measurements about 30 atomic %
carbon In the excimer laser induced-films and only 15 atomic % carbon in the
palladium films deposited with the incoherent VUV source. In both cases, no
oxygen could be detected in the palladium layers.

SUMMARY

We have demonstrated, that the new incoherent source of Xe2* excimer
radiation is well suited for the new low temperature, two-step deposition
method. At room temperature, the VUV light exposure at 172 nm leads to
decomposition of spin-on palladium acetate films on various substrate
surfaces. The deposited palladium layers arc., effective catalysts for electroless
copper and nickel plating processes. Structuring of the palladium films can be
achieved with metal contact masks or quartz masks near the surfaceO.^Wh o,,
UV light exposure through masks metallization on large areas and featureswith high resolution can be performed simultaneously [1]. Compared with the
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Fg 7 Smooth palladium film on a Fig. 8 Discontinuous palladium layer
rough A1203 substrate deposited on a rough A1203 substrate
with the incoherent excimer deposited with an excim er laser
source (X=- 172 nm; exposure ( -= 193 nm; fluence= 50 mJ/cm2;
time 15 min); scale: 1 ptm 5 pulses); scale: 1 prm

I

INI

Fig. 9 Smooth palladium film on a Fig. 10 Discontinuous palladium layer
quartz substrate deposited with on a quartz substrate deposited
the incoherent excimer source with an excimer laser (X= 193 nm;
(( 172 nm; exposure time 15 fluence= 50 mj/CM2 ; 5 pulses);
mnm); scale: 1 gim scale: 1 jim
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results achieved by an excimer laser we observed considerable differences in
the mechanism of the decomposition process of palladium acetate films and in
the morphology of the deposited palladium films. We fnund that the
decomposition of palladium acetate films is even possible at low UV intensities
of the Xe2* excimer source. From all achieved results we conclude that the
decomposition process is mainly photolytical. Apparently, the decomposition
of palladium acetate films with the Incoherent excimer source results in very
smooth palladium films independent of the initial palladium acetate film
thickness.The incoherent Xe2* excimer source used In this work can be used
for photo-induced CVD experiments as well. First experiments with this VUV
source in a stagnation flow reactor [26] show that SiO2 from SiH4 and 02 can
be deposited at low substrate temperature - 200 OC, at which no thermal CVD
is possible.The simple, efficient and reliable incoherent source of VUV
radiation utilizing excimer formation in silent discharges compares favourably
with excimer lasers in several applications. Especially In cases where
molecules show strong absorption only in the deep UV potent VUV sources
are required to Initiate photodissociation. Because of the variable geometry of
this source [21] large area processing with a high throughput is possible.
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ELECTRONIC EXCITATION-INDUCED SURFACE CHEMISTRY AND
ELECTRON-BEAM-ASSISTED CHEMICAL VAPOR DEPOSITION

F. BOZSO and Ph. AVOURIS
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P. 0. Box 218, Yorktown Heights, N.Y. 10598

ABSTRACT

Selective area deposition of thin films and surface structures with precise con-
trol over their composition is possible in UHV by using low energy electron beams
to induce electronic excitations in adsorbed molecular layers. Upon electron im-
pact, adsorbed/co-adsorbed molecules decompose into reactive species, resulting
in film growth. The composition of the film reflects that of the adsorbed molecu-
lar layer, which at cryogenic temperatures can sensitively be controlled by the
partial pressure of the reactant gases. We present results of detailed studies of
adsorption, thermal and electron-beam-induced dissociation of disilane and am-
monia on silicon., We show that by proper choice of temperature, gas phase
composition and electron beam, amorphous silicon, silicon nitride, oxide, silicon
oxinitride films can be grown with nearly monolayer thickness resolution.

INTRODUCTION

There has been an increasing interest in selective area chemical vapor deposition
(CVD) for direct patterning with precise control over spatial growth and material
composition. Direct patterning offers an advantage in mask repair, custom wir-
ing, fabrication of nanometer scale material structures for faster and novel elec-
tronic devices as well as for fundamental research purposes [1,2]. The small
dimensions of such deviLe structures, and their abruptly and unconvetionally
changing material compositions, require a high level of spatial and kinetic control
over the surface chemical reactions, which are involved in the materials' growth
and modification.
These requirements exclude high temperature processes based on thermally acti-

vated chemical reactions. Inducing surface reactions by directed energetic beams
(electrons, ions, photons), however, can provide for both spatial and kinetic con-
trol in microfabrication processes.

Energetic electrons, ions, photons are known to cause fragmentation and the
desorption of adsorbed molecules or fragments of them, by inducing electronic
transitions to dissociative states [3]. The surface fragment species after such
excitations are mostly of highly reactive radical character. This radicals readily
react with the substrate aid with othei radical w inoleculat species in the
adsorbed layer. The formation of such reactive surface species provides a basis
for controlled non-thermal selective area chemical vapor deposition.

The spatial control referred to, implies the capability of turning on and off the
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above reactions, i.e. the capability to induce desired electronic transitions at se-
lected areas of the substrate surface, as required by some predetermined pattern.

The kinetic control implies the capability of adjusting reaction rates in a usually
multi-component surface layer either by selective electronic excitation to activate
particular ieaction paths, or by controlling the concentration of precursor mole-
cules in the adsorbate layer. Spatial and kinetic control together enable the
growth of material structures with desired geometry, composition, material dis-
tribution and thickness.

In this paper we summarise the results of detailed studies, which show that by
forming adsorbed molecular layers at cryogenic temperatures (L-1O0K) and by
using low-energy electron-beam excitation to induce surface reactions, both spa-4tial and kinetic control are obtained for selected area growth of thin films and
surface structures in ultra high vacuum systems.

RESULTS AND DISCUSSION

1. The reactivity of Si(100)-2xi and Si(l I )-7x7 surfaces

In chemical vapor deposition process, precursor molecules react at the substrate
surface, followed by formation of new bonds with the substrate and other surface
species. The critical step is usually the former, i.e. dissociation, which in gas phase
may require considerable activation energy. At silicon surfaces, dissociation of
molecules has been observed at rather low temperatures, indicating the need of
very low activation energy [4,5,6,7,8]. The microscopic mechanism of the
dissociation of molecules on semiconductor surfaces is not in general understood.
In broad terms dissociation is possible as a result of charge transfer processes, in
which bonding levels get depopulated and/or antibonding levels get populated.
The latter is possible by direct charge transfer from highest lying substrate levels,
or via excitations from deeper lying adsorbate bonding levels or substrate levels.
Concerted surface reactions involve simultaneous bond-formation and bond-

J, dissociation processes and are charactcrised by low activation energies. Semi-
conductor surfaces with low binding-enrgy dangling bond states, therefore, have
the potential of high reactivity.

Adsorption and dissociation of disilane (Si2H(,) and ammonia (NH 3) on
Si(100)-2xi and Si(l I l)-7x7 surfaces provide prototype systems to illustrate the
reactivity of semiconductor surfaces.

On Si(100)-2xl and Si(lIl)-7x7 surfaces disilane and ammonia partially
dissociate at as low temperature as 150-200 K [4,6,7]. Fig. I shows ultraviolet
photoemission (UPS) spectra of clean and disilane-exposed Si(10G, 2xI and
Si(l I I)-7x7 surfaces. From the spectral changes upon annealing, and fiom recent
vibrational spectroscopic studies [9.10] it can be inferred that on both surfaces
the disilane dissociates by Si-Si bond cleavage at low temperatures (T < 200 K).
The dissociation products tie up the dangling bonds, which is shown by the dis-
appearance of the SD and S2 dangling-bond states in spectra (c) and (d). On the
Si(l I )-7x7 surface the S2 state is quenched preferentially, implying that disilane
dissociates selectively at rest-atom sites of the 7x7 surface [I I].

4j4
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FIG. IA. He II UPS spectra of clean and disilane exposed Si(l00)-2xl.
Curve a: Clean Si(l00)-2xi. Carve b: After 20 1. Si2H6 exposure at 90K. Curve
c: After annealing to 300 K.

FIG. lB. He It UPS spectra of clean and disilane exposed Si(l I l)-x7.
Curve a: Clean SI( 1I )-7x7. Curve b: After 1.2 L Si2 H6 exposure at 100 K. Curve
c: After annealing to 300 K. Curve d: After annealing to 600 K,

High reactivity of the Si(100)-2xl and Si(1 I I)-7x7 surfaces to dissociate ammo-
nia at low temperatures (T < 300K) has also been reported and is correlated with
the presence of dangling-bonds (4,6,7]. Although the clean silicon surfaces ex-
hibit high reactivity, the reactions stops at sub-monolayer level as the dangling-
bonds get tied up by reaction products.

Passivation by reaction products and restoration of surface reactivity by ther-
mal desorption is well demonstrated by the reaction of ammonia with
Si(100)-2xi. Fig. 2a shows that hydrogen desorbs from the reacted surface above
700 K. In Fig. 2b N(is) X-ray photoemission spectroscopy (XPS) peak intensities
are shown, taken after ammonia exposures at increasing temperatures. The con-
stant peak intensity between 90K and 575 K, i.e. below the hydrogen desorption
temperature, shows that after the initial sub-monolayer adsorption and
dissociation the surface is passivated. Above the hydrogen desorption temper-
ature, however, a sudden increase in the N(Is) signal indicates ammonia de-
composition and silicon nitride formation at a high rate. Similar temperature
dependence of disilane decomposition and silicon film growth can be observed
when disilane reacts with silicon surfaces. The thermal activation of the above
reactions under the described conditVins apparently means restoring surface ie-
activity by thermal desorption of hydrogen, which ties up dangling bonds at the
reacted surfaces £7] For these reactions to proceed at lower temperatures, re-
moval of the reaction blocking products by non-thermal means is necessary.

___________________l____l_ iI________l___Illl_____III__Il_
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2. Desorption ind fragmentation on surfaces induced by electronic excitations

Desorption (and molecular fragmentation) induced by electronic transitions at
surfaces has long been studied and gained increasing interest (12,13,14]. A gen-
eral model to describe the mechanism of electron-stimulated desorption (ESD)
was introduced by Menzel, Gomer (15] and Redhead [16]. The Menzel-
Gomer-Redhead model i. schematically illustrated in Fig.3a.

- After an initial electronic excitation (Franck-Condon transition) the adsorbed
species is in a repulsive excited state and moves on the potential energy surface
(in Fig. 3a, S-A* curve ), converting potential energy into kinetic energy.
Quenching after a certain lifetime in the excited state brings back the adsorbate
to the ground state with an acquired kinetic energy. If the kinetic energy is larger
than the potential barrier along the S-A ground state potential energy curve, the
A species desorbs, otherwise it is recaptured by the surface. The electronic
excitation which result in desorption/fragmentation in the model involve valence
excitations i.e. bonding- > anti-bonding transitions and valence ionizations C3].

An other electronic process which also can result in desorption and fragmenta-
tion in adsorbed layers is the dissociative electron attachment. The physics of
dissociative electron attachment is schematically iliustrated in Fig.3b. When a low

j energy electron collides with a molecule, it can be captured into an autodetaching
state of molecular negative ion. In case of an AB- molecular negative ion, where
one of the component atoms, say A, has high electron affinity, the molecule can
break up into an atom B and an atomic negative ion A- (17]. The cross section
for dissociative electron attachment peaks at rather low energy (E <10 ,eV),
therefore it may be a significant channel in electronic excitation induced surface

t1
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FIG. 3A. Ground state (S +A) and repulsive excited state (S +A*) potential
energy curves for schematic illustration of the Menzel-Gomer- Redhead model for
electron stimulated desorption.

FIG. 3B. Potential enrgy curves of an ARl molecule in ground state and in
autodetaching molecular negative ion %tatc for schematic illustration of
dissociative electron attachment,
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FIG. 4a. Electron energy dependence of H-P ESD yield from a monohydride
species Olt Si(lO0) surface.

FIG, 4b,. H+ ESD yield from a Si(IO0)-2x1 surface at 100 K in a IxlO'1 torr
Si2H6 ambient and after evacuation of the dilsilalle. Electron beam: 200 nA, 200 eV.



chemistry where secondary electrons, photoexcited or photoemitted electrons are
generated.

An example of desorption induced by electronic transitions is shown in Fig. 4a,
where the electron energy dependence of Hl' electron stimulated desorption yield
from monohydride species on a Si(100) surface is reproduced. The desorption
cross section peaks at !-200 eV and the inset shows that the threshold energy for
H+ desorption is "22 eV. The threshold energy is much higher than the 13 eV
valence band with of the H/Si system, which indicates a multi-electron excitation
mechanism.

Fig. 4b shows H+ yield from disilanc-adsorbed Si(l I I)-7x7 surface, as a function
of disilane exposure at 100 K. In the first 70 seconds a monolayer of chemisorbed
disilane is filling up and the H+ yield linearly increases with the disilane coverage.
The cross section of the 200 eV electrons to remove hydrogen (H + H+) from this
chemisorbed layer is -l0-1dcm 2. After 70 seconds a second layer of physisorbed
molecular disilane starts building up on top of the chemisorbed layer, and this
results in a much higher desorption yield. Upon evacuation of disilane the H+

yield rapidly drops to the value characteristic of the electron exposed chemisorbed
disilane layer. The ultraviolet photoemission spectrum of such a surface resembles
that of a monohydride silicon surface, indicating a complete dissociation of
disilane by the electron beam [53.

3. Electron-beam-induced deposition of silicon films

The electron-induced disilane dissociation and hydrogen desorption, described
above, provides a method for low temperature silicon deposition. The realization
of this possibility is demonstrated in Fig. 5. A thermally nitrided Si(100) surface
was exposed to disilane and an electron beam at 300 K and 90 K to grow silicon
films. The progress of silicon film growth is shown by the attenuation of the ni-
trogen Auger peak from the underlying silicon nitride layer. At 300 K the silicon
deposition rate is rather slow. Upon cooling the silicon substrate to 100 K, how-
ever, the silicon deposition rate strongly increases. The increase in film growth
rate at 100 K is related to the facts that the sticking probability of disilane is
higher at 100 K, and that adsorbed disilanc molecules have long lifetime on the
surface to undergo electron induced reactions, while adsorbed disilane almost in-
stantaneously desorbs at 300 K. As a result, cryogenic temperatures enable high

adsorpton rate and surface coverage of precursor molecules, thus growth rates
sufficient for practical applications (I ML/sec) can be achieved with gas partial
pressures in the high vacuum (0-torr) range.

4. Electron -beam-induced deposition of multi-component insulator films

In the following we show the capability of the above method to grow silicon
nitride, silicon dioxide and silicon oxinitride multi-component insulator films. In
the electron-iduced deposition of the insulator films, co-adsorbed disilane-
ammonia, disilane-oxygen and disilane-nitrous oxide molecular layers were
formed at 100 K and exposed to electron beam. In these experiments the film
growth was followed by monitoring the Si(LVV) Auger peak intensity at 88 eV
[i8J. It is shown in Fig. 6a that the Si(LVV) Auger peak in silicon nitride,
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oxinitride and dioxide is at 8 eV, 12 cV and 16 eV lower energy than in clean
silicon. Fig 6b shows how the the 88 eV signal changes as silicon oxinitride film
is deposited on silicon or silicon is deposited on silicon oxinitride. The signal de-
creases and approaches zero as the thickness of oxinitride film grows and exceeds
the escape depth of the 88 eV electrons (,&0.6 nm). The initial growth of silicon
film on nitride, dioxide or oxinitride films is in turn monitored by the increase of
the 88 eV signal.

M t K

~~~~~et Sm().~jim. 8

I ""0-r , i4

1o o

50 :3 7depoiio at0 100 K 200 300
a~cftW dW (M V (SEC)

FIG. 6A. Si(LVV) Auger spectra of clean silicon (a), silicon dioxide (b), silicon
FIG.6B.Si(VV)Augr sinalintnsiy a 88eV during electron-beam-

indued epostio at100 K. Curve V, Silicon oxinitride deposition on silicon in
10-7 tort Si2H 6 and 3xl0 7 torr NO, Curve 2: Silicon deposition on silicon
oxinitride in Ixl0 -1 torr Si2H6. Electron beam: 0.5 uA, 1000 eV.

In Fig. 7 curves (1) show the progress of silicon nitride, silicon dioxide and
silicon oxinitride film growth as a function of time. Curves (2) show silicon film
growth on top of the previously deposited insulator films. On the right hand side,
corresponding silicon Auger peaks are shown after 300 sec reaction. The data
show that the thickness of the insulator films cxcee& t0.6 nm after t-200 sec
reaction, and that of the silicon after -150 sec. The position of silicon Auger
peaks indicate the deposition of silicon nitride, dioxide and oxinitride film. The
deposited films are hydrogenated, which is indicated by release of hydrogen upon
annealing.
The rate and efficiency of the electron-induccd deposition can be estimated from

the fact that 2t0.6 nm thick film grows in 150-200 sec. A more precise determi-
nation can be made by help of the silicon and silicon oxinitride deposition curves
shown in Fig. 6b, which exhibit breaking points at m70 sec and -100 sec regular
intervals. The breaking points indicate that one monolayer silicon or silicon
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FIG. 7. Left panel: Si(LVV) Auger signal intensity at 88 eV during electron-
beam-induced deposition of silicon nitride, silicon dioxide, silicon oxinitride and
silicon films at I00 K. Right panel: Silicon Auger spectra after 300 sec deposition.
Gas pressures' I0- tort SitH6 and I0-7 torr Si2H6 + 3x-' tort NH 3, 02 and NO,
respectively. Electron beam: 0.5 uA, 1000 cV.,

oxinitride film grows in -70 sec or 100 scc, respectively (19). This corroborates
the 0.6 rim/150.200 sec estimated above. From the data presented, it can also

........ .be estimated that nearly thirty electrons arc needed to add an atom to the grow-
ing film. The well resolved growth of" the first few monolayers shows that ultra-
thin films can be deposited with monolayer resolution by the above method.

The composition of !, films is determined by that of the adsorbed laye'. Since
the latter can be precisely controlled by the partial pressure of the reactant gases,
the composition of the deposited films can virtually be adjusted monolayer by
monolayer.
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The spatial control of the film growth is provided by the capability of focusing

and directing electron beams. Recent direct electron-beam deposition of 30-50 nm
gold lines and three-dimensional structures, using organometallic complexes,
demonstrates both the capabilities and potential applications of electron-beam-
induced surface reactions for selective area chemical vapor deposition [20).
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PATfUMING OF CaAs/AlGaA2 WAFERS BY FOCUSED E -IIKAK INDUCED
cORm rECHG AND r",' T WW W GROWTH

M.TANEYA, Y.SUGIMOTO, H.HIDAKA, AND K.AKITA
Optoelectronics Technology Research Laboratory, 5-5 Tohkodai, Tsukuba,
Ibaraki 300-26, Japan

ABSTRACT

In-situ patterning of AIXGal.xAs (OSx0.7) using a electron-beam (EB)
and chlorine gas (01) and the application to "In-Situ EB Lithography" are
investigated. In this patterning method, an ultra-thin GaAs oxide is
utilized as a resist film. The oxide resist prevents Cl2 gas etching of the
underlying material and can be also patterned by an EB irradiation under a
C12 pressure, which brings about selective etching of GaAs/AlGaAs layers.
Etch rates of AixGalxAs (Oxs0.7) are 20-30 nm/nin, which is almost equal
to that of GaAs (20 nm/mn). Using this technique of EB-induced patterning,
a novel concept "In-Situ EB Lithography" is proposed, where the whole
processes for EB lithography are successively conducted in a ultra-high
vacuum multi-chamber system. An overgrown layer on a GaAs surface patterned
by this "In-Situ EB Lithography" shows a good morphology.

INI RODUCTION

It has been recognized that the in-situ wafer processing in an ultra-
Shigh vacuum (UHV) environment is necessary for patterning of III-V

semiconductors.[l1 The In-situ patterning makes it possible to repeat
crystal growth and fine pattern formation without unintentional
contaminations of the wafer surface. To date, a lot of researches have been
done on this field and almost all of them are concentrated on direct
patterning using a focused ion bean or a laser beamn.2,3] However, we
believe that electron-bean (EB)-tnduced patterning is more hopeful, because
it introduces much less damage to a processed wafer as compared with ion
beam-induced patterning,[4] and also because one can easily obtain a rather
narrow beam diameter (<10 nm) with commercial scanning EB Instruments,

Recently, we have reported an EB-induced patterning of GaAs in a C12
gas ambient.[5,6] The results indicated that a GaAs oxide formed by air
exposure of the wafer surface fulfills the role of a resist film, which can
be removed (or corroded) by an EB exposure under a Cl2 pressure. This EB-
induced patterning of the oxide resist brought about chemical reactions of
GaAs and C12 , resulting in local etching of GaAs. In practical use of a
patterning process for fabrication of optoelectrontc devices such as laser
diodes, etching of layers containing Al is often required. In this paper,we describe etching of Al~a~s b this EB-Induced patterning. Moreover, we

demonstrate "In-Situ EB Lithography", where the whole processes required for
a lithographic sequence are conducted in a UHV multi-chamber system, without
air exposure of the wafer surface. Overgrowth on a GrAs surface patterned
by the In-situ El lithography is performed with a mc.lecular beam epitaxy
(MBE) system. The overgrown layer shows a good morphology, which confirms
that this technique is hopeful for patterning of GaAs/AlGaAs material.
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El-INDUCED PATIUING OF AlMAa

The experimental method of
the In-situ patterning of an _
GaAs/AlGaAs wafer Is illustrated

In Fig. 1. The sample was a OXIDIZED
AlGaAs/GaAs wafer prepared by

MBE, which consisted of 2 urn- GoAs, O.O5pm

thick n-AlxGaixAs layer and a 50
nm-thick n-GaAs surface AIxG42.xAs, 2.0pro
protective layer on a (001) n- Dx*o, 0.2, 0.5, 0.7)
GaAs substrate. Both layers were GaAs S.
Si-doped with a concentration of

5x10 17 cm 3 . Next, this wafer

was exposed to air in a room Fig.l. Etching method of the EB-
induced patterning of a GaAs/AiGaAs

light for about 70 rn to form an wafer., There is an ultra-thin GaAs

GaAs oxide at the surface. (We oxide at the surface as a resist
did not carry out an in-situ film.

oxidation in this case, since
this was a preliminary experiment
for etching of AlGaAs.) Then, the sample was loaded into the same UHV

etching system as reported earlier[S), whose base pressure was 2xlO
-8 Torr,

Electron beam current of about 10 nA at 10 keV was irradiated to the sample
surface with the oxide resist under a Cl2 pressure., The substrate
temperature was 70 'C. Etching region was defined by the EB-scanning area,

as described above, which was 6Ox5O um2 in this case. The averaged ED flux
#EB and the C1 2 flux #C12 at the sample surface were 2x10 1 5

electrons/(cm .s) and 7x1016 olecules/(cm2 .s), respectively.
We prepared 4 samples in which the AlAs mole fractions of their AlCaAs

layers were varied as x-0, 0.3, 0.5, and 0.7. After etching, to evaluate

etch rate of AlGaAso we measured etch depth with a contact type surface
profilometer (Tenco] Alpha-Step). In the depth measurement, the wafer
surface outside the EB-scanning area is used as a reference, because the

GaAs oxide resist prevented etching In that area.

1.0
10 kWV EB/CI/(OO) MAA 1.O 5)

E X -0.5
a Ts -70 1 RE 33nm/mln

OEB - 2x10
S 

Wfroi/ma

OC 7XI
tm 

mdece,/4Icm s
o.

0 10 20 30

TIME (mn)

Fi.2. Etch depth vs. etch time cheracteristcs of a
GaAs/AlO 5Gao 5As wafer. Etch depth linearly increases with
increasing etch time, after a delay time of about 8 mi. The etch
rate is determined to be 33 nm/mln from the gradient.
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To evaluate the etch rate of
AlGaAs, we measured the etch time to
vs. etch depth characteristics. 0
For example, a result of the O
sample for x-0.5 Is shown In Fig. -. 2XIO' olotroM/cm.s
2. The broken line indicates the #c4. M4 M v /cm2. a
position of interface between the tJ50

Alo.sGa0 5As layer and the Gaks
protection layer. Considering 0 O
the fact that the etch rate of 0 0
GaAs Is 26-30 Wain under this
condition[G), It Is found that , ,

there is a delay time of about 6 0.8

min before etching begins. This
delay time Is considered to be a AlAs MOLE FRACTION
time required for removal of the
surface oxide resist by the EB- Fig.3. Etch rate of AlGaAs plotted
irradiation under the C12  as a function of AlAs mole
pressure. After the oxide resist fraction. In the fraction range
patterning and also the GaAs from 0 to 0.7, an approximatelyuniform etch rate of 30 nm/mln Is
protection layer etching, etch obtainedt
depth of A10 5 Gao sAs increases
linearly with the increase of etch time. The gradient of this graph gives
the etch rate of 33 ma/min. This result confirms that not only GaAs, but
also Alo.0 &0a.5As, can be etched by using this EB-induced patterning method.

Such evaluation of etch rate was done for each sample. The results are
summarized in Fig. 3 as a function of the AlAs mole fraction. It is seen
that etching of AlGaAs by this patterning method Is possible in the range of
AlAs sole fraction from 0 to 0.7. An approximately uniform etch rate of 30
nm/mmn is obtained in this AlAs mole fraction range, including GaAs. This
feature Is important to obtain a smooth wall In etching through some
AlGaAs/GaAs heterostructures.

IN-SITU ED LITUONAPIN AIDOVUGRWI

Here, we propose a novel "In-Situ EB Lithography", in which the whole
processes for EB lithography are successively carried out in a UHV multi-
chamber system. In the In-situ EB lithography, the GaAs oxide resist Is
formed with pure 02 gas by a photo-oxidation technique.[7) A processed
wafer is never exposed to air throughout the whole processes, including pre-
growth and overgrowth by MBE.

The sequence of the in-situ EB lithography and the UHV multi-chamber
system used in this experiment are shown in Figs. 4 and 5, respectively.
First, a (001) n-GaAs substrate was loaded into the UHV system and was
heated for surface cleaning in the preparation chamber. Then, a 1 us-thick
n-GaAs layer with a carrier concentration of 5xl017 cm"3 was grown using the
MBE chamber. This crystal growth process prepares a clean GaAs surface.
Next, the GaAs surface was oxidized in pure oxygen with a simultaneous
Illumination using a halogen lamp in the oxidation chamber, for the purpose
of resist film formation. The oxygen pressure and the illumination
intensity were 1 atm. and 35 mW/cm , respectively. The thickness of the
GaAs oxide formed by this photo-oxidation process Is evaluated to be less
than 1 rm.[] Next, in the etching chamber, the ERB-induced direct
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patterning of the oxide resist
was carried out under the same ILLUMINATION Es
C12 pressure as the previous A a.cs

experiment for A1GaAs etching OaID

(C2=71 molecules/(cx .s)) ~,.
)t, 70'C. The current and the 1 L 01, "

diameter of EB were 100 pA and 1 PRE- PHOTO- DIRECT
um, respectively. After the EB GROWTH OXIDATION PATTERNING
irradiation with a dose more than OF OXIDE
5x1016 cm 2, which is the minimum I MATERIAL RESIST \ RESISTkPP ARTIONJ ORATONJ kPATTERING
value required for direct
patterning of the oxide resist
under this condition[91, pattern
transfer to the underlying GaAs C12 Ai S, r__ OVER~
was carried out by C12 gas LA°tR
etching without EB. The Cl2 flux
and substrate temperature were
fixed at the same values as those CI GAS THERMAL OVER-
in the EB-induced direct CTCHING TREATMENT GROWTH

patterning process for the oxide /PATTERN / RESIST EMBEDDED
resist. Next, the sample was kTRANSFER/ \REMOVAL) ISTRUCTURE)

transferred back to the MBE
chamber and heated to about 630
* C in an arsenic ambient for the Fig.4. Process sequence for "In-

oxide resist removal and surface Situ ES Lithography" and
overgrowth. The wafer is never

cleaning.[10,111 Finally, layers exposed to air throughout the
of AlGaAs and GaAs were overgrown sequence.
on the patterned GaAs surface.

As an example of patterning
by the In-situ EB lithography, a
Nomarski microphotograph of the
sample, to which the characters
of "OTL" was drawn by the in-situ GAS
lithography, is shown in Fig. 6. sTDC Me

-~ (In this case, the last two ,
processes of the sequence were 0
not carried out because of ETCING
observation of the etched pattern
itself.) The time of the Cl2 gas to wU
etching for pattern transfer was

EXCHANG20 min, from which the etch depth PEATIN
is expected to be about 50 nm. ChA S.R
The pattern width Is 2 usn. This ITROUCTI N
result of pattern formation
confirs that this technique is ILLUMINATION OXDATI oN

actually considered as an In-situ SYSTE CHAMBE

lithography using a GaAs oxide as
a resist film.

Here, we show a result of Fig.5, UHV multi-chamber system
used for the "In-Situ EB

overgrowth on a surface patterned Lithography". The processes shown
by the In-situ EB lithography, in Fig4., are successively carried
Figures 7 (a) and (b) indicate a out in this UHV system.
Nomarski microphotograph of the
overgrown layer surface on a

o ®I
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patterned GaAs surface and a
Illustration of the cross
sectional structure,
respectively. The etched area is
a rectangle of 15x600 us2 and the
etch depth is 50 na. The surface
GaAs overgrown layer shows an
excellent morphology outside the

Eetched area, which is the same as
that of a layer grown on a flat
substrate. On the other hand, it
is seen that the surface
morphology in the etched area is
slightly rough. However, this
roughness is caused by the etched
surface morphology itself, not by
abnormal crystal growth due to
damage or contamination at the
surface processed by the In-situ Fig.8. Nomarski microphotograph of
EB lithography. The ability of a patterned sample by "In-Situ EB
in-situ overgrowth suggests that Lithography". The minimum width of
an embedded microstructure such the pattern is about 2 pm.

as AlGaAs/GaAs quantum wires and
quantum dots can be fabricated by
this lithographic method.

- iETCHED AREA

. -GaAs OVERGROWN LAYER
-- AIGoAs OVERGROWN LAYER

'PROCESSED SURFACE
-_-GaAs PRE-GROWN LAYER

_____ _---GaAs SUB.

(b)

Fig.7. Nomarski microphotograph of an overgrown layer on a
patterned surface by the "In-Situ EB Lithography" (a), and a
schematic illustration of the sample structure(b). The etched
area is a rectangle of 15 pm x 600 pm with the etch depth of
about 50 nm.' A 0.5 nm-thick Al0 5Gao gs layer and a 0.1 nm-thick
GaAs layer are successively grown on 'the GaAs patterned surface,
after the thermal treatment.
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SUIARY

We have demonstrated an In-sttu EB-Induced patterning of AIGaAs with a
GaAs protection layer and an ultra-thin surface GaAs oxide which acts as a
resist film. In the AlAs mole fraction range of 05xs0.7. an approximately
uniform etch rate of 30 no/min was obtained when the substrate temperature
and the Cl2 flux were 70 *C and 7x0 16 molecules/(cm2 .s), respectively,
This uniform etch rate of AIGaAs is useful to apply this patterning method
to fabrication of some devices with GaAs/AlGaAs heterostructure.

Furthermore, we have proposed a novel "In-Situ EB Lithography" concept

and have actually performed the whole processes for the lithographic
sequence, f 'q pre-growth through In-situ patterning to overgrowth. The
wafer was neve. exposed to air throughout the whole processes. An overgrown

layer on a patterned GaAs surface showed a good morphology.
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DEEP STRUCTURES PRODUCED IN Ill-V MATERIALS
BY COMBINED FOCUSED ION BEAM IRRADIATION AND DRY ETCHING

L.R. Harriott, Y.L Wang, B.H. Chin, and H. Temkin
AT&T Bell Laboratories, 600 Mountain Ave., Murray Hill, New Jersey 07974

ABSTRACT

We have developed a direct patterning process for InP based materials which uses ioo
exposure followed by dry etching to produce surface topography. The substrate is first
implanted with a 20 keV Ga+ beam focused to 0.2 micron diameter. The surface pattern is
then developed in the substrate by etching with or without a low energy (25 -100 eV) flood
A+ ion beam in a Cl2 (5xl0 4 Torr) atmosphere at 180 to 2000 C. This process has been
integrated in a common vacuum chamber with a gas source molecular beam epitaxy
(GSMBE) system. In-situ patterning and high quality overgrowth has been demonstrated for
low Ar+ ion energies during etching. In this paper, we will describe a model for the
patterning mechanism and suggest how it may be exploited to achieve a complete vacuum
lithography process compatible with epitaxial regrowth.

INTRODUCTION

The goal of our work has been to develop a high spatial resolution lithographic
patterning process which is compatible with the vacuum and surface contamination
requirements of molecular beam epitaxy (MBE) crystal growth. In this way, optoelectronic
and quantum confinement devices with lateral dimensional control approaching the vertical
layer thickness control and uniformity offered by epitaxy are possible. In addition, epitaxial
regrowth on patterned substrates offers many possibilities in buried device structures not
possible without such a vacuum lithography technique 5 . 'The patterning process is required
to produce a surface which is free of damage and process related contaminants. In addition,
the patterning must take place entirely within the vacuum to avoid atmospheric contamination
by hydrocarbons, water vapor, or oxide formation to allow for subsequent high quality
regrowth. Such contaminants degrade the regrowth quality and attempts at surface cleaning
generally reduce or even remove fine pattern features formed by conventional methods.

Direct resistless patterning using finely focused ion beams has included a broad range
of techniques due to the unique ability of ions to deliver momentum as well as energy to a
target, allowing some very different approaches to substrate patterning than those available
with electron or photon beams. The simplest and most direct is physical sputtering. This
method has been applied to III-V materials and is potentially useful for in-situ processing.6

The limitations of such micromachining as a lithographic technique are throughput (ion doses
on the order of 1018/cm 2) and lattice damage in the substrate. The throughput can be
increased by about a factor of ten by using a reactive gas such as Cl2 during the ion
bombardment 7 but the question of substrate damage still remains. Low energy finely focused
beams used with a reactive gas at least partially address the damage issue . It is not clear,
however, that a sufficiently small beam spot can be maintained at the very low (<50 eV) ion
energies necessary to avoid damage to the extent that high quality epitaxial regrowth is
possible.

We have demonstrated a vacuum lithography process using focused Ga+ ion beam
exposure and dry etching to pattern InP wafers in a common vacuum chamber with gas source
molecular beam epitaxy (GSMBE).2 A schematic diagram of the apparatus is shown in Fig.
1, The wafer is first patterned with the 20 keV Gat ion beam and then transferred to the
etching chamber. The wafer is heated to 2000 C, then exposed to a C 2 partial pressure of
about 5xl0 "4 Torr. A nominally 50 eV broad-area Ar+ ion beam is sometimes used during
the etching to achieve anisorropic etching as will be described later. The etching rate for the
Ga+ ion irradiated areas is larger than that for the unexposed InP thereby transferring the
pattern in positive tone. The Ga+ ion damaged regions are thus removed by the etching
leaving a patterned surface with quality determined by the etching conditions and submicron
spatial resolution, consistent with the Ga ion beam diameter 3.

The degree of surface damage in etched samples has been evaluated by growing p-n
junctions and measuring reverse-bias leakage current. We have been able to show that for Ar+
ion energies of less than 50 eV, damage-free etching can be obtained2,4..
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20 keV FOCUSED C1 ASSISTED
ION BEAM Ar* ETCHING GAS SOURCE MBE(FIB) ('fBAE) (GSMBE)

S SAMPLE LOAD LOcK
TRANSFER"-"--

MECHANISM

/Go ION BEAM

50V Ar
+  

OVERGROWTH ON
PATTERNED

CI SUBSTRATE
ATMOSPHERE1

DAMAGED
REGION -

Fig 1. Schematic drawing of the experimental apparatus and the process sequences used in
patterning and overgrowth experiments.

EXPERIMENTAL

Our initial observations of this patterning process typically involved the following
sequence of steps: 1) the InP substrate was loaded into the vacuum system apparatus from
atmosphere following a bromine-methanol polishing step. 2) A pattern of relatively large
features (100 x 100 micron) was exposed with the Ga+ beam at doses ranging from 1013 to
1015 ions/cm 2 • 3) The substrate was transferred to the etching chamber, heated to 180 to 2000
C, and exposed to a flood beam of 50 eV Ar+ ions in at atmosphere of 5x10 4 Torr Cl2 for I
to 5 minutes. 4) The sample was then removed from the vacuum and the step heights of the
features measured with a stylus profilometer. This procedure was used to evaluate the effects
of various process parameters and study the differential etch rate mechanism.

2000

o4

I-

aW

,401
3  

4045

DOSE (IONS/cm 2 )

Fig 2. Step height of 100 x 100 micrometer squares in an In substrate as a function of 20 keV
Ga+ ior, dose as measured with a stylus profilometer. The etching was for 2 min at 1800 C
and 5x10 4 Tort C12.
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A typical plot of step height as a function of Ga + ion dose is shown in Fig. 2. The step
height increases rapidly at low doses and the saturates at a dose of about 2x10 14. This type of
curve is universal for this process with the details of the shape and saturation depth dependent
on the etching conditions used. In general, for the samples etched using the At+ with the Cl2
gas, the step heights reach the final values illustrated in Fig. 2 after a fairly short etching
time. Significantly longer etching times do not result in increased step heights. The surface
relief pattern simply is transferred deeper into the substrate. This suggests that some element
of the patterning mechanism has been consumed and there is no longer any difference in the
etching rates of the Ga ion exposed and unexposed regions.

A similar series of experiments was performed at fixed etching conditions at several
Ga+ ion beam energies fr in 20 keV to 150 keV. The results are shown in Fig. 3. As can be
seen from the figure, the general shape of the dose dependence is the same at the different
energies. The dose at which the step height saturates does not appear to change with beam
energy but the ultimate step height does increase monotonically with energy. It is expected
that the depth of any effect of the Ga ion beam scales with the mean range of the ions in the
substrate. The data from Fig. 3 is replotted in Fig. 4 as step height vs calculated ion range
(including straggle) for Ga ion doses of 5x1014 and 1x10 15 /cm 2 • It can be seen that the strp
height varies in a roughly linear fashion with ion range at the energies used in our experiment.
However, the line drawn through the data points in Fig. 4 does not intersect the vertical axis at
zero step height but at a quite large value, much larger in fact than any of the ion ranges
involved. This suggests that two mechanisms are operating, ont that depends on the kinetics
of the ion-solid interaction, and one that does not.

Measurements were made at 20 keV Ga+ energy where the ion dose rate was varied
over three orders of magnitude by adjusting the beam scanning speed and by defocusing the
beam. No dose rate effect were observed indicating only single-ion processes are involved.

Exposures were also performed at several angles of incidence of the Ga+ ion beam up
to 150 from the surface normal to assess the importance of ion channeling. After etching on a
common sample plate, no measurable effect on the step height was observed. Although
channeling must certainly be taking place, it is not an important part of the mechanism of our

patterning process.
Measurements were also made at fixed Ga+ ion exposure conditions (20 keV, 1013 to

1015 ions/cm2), fixed substrate temperature (1900 C), and Cl2 pressure (5x10"4 Torr) for
4several values of Ar+ energies below 100 eV. It was found that the step height increased with

decreasing Ar+ energy. We separately determined, however, that the etch rate of the InP
substrate increases monotonically with etching ion energy.

Finally, an experiment was performed to illustrate the importance of surface
preparation. Figure 5 shows step height vs Ga ion dose for two surface preparations with all
other conditions the same. Both samples were prepared with the usual bromine-methanol
polishing. One of the samples was dipped in HF however prior to introduction to the vacuum
system. It can be seen in the figure that, in general, the HF-dipped sample required less Ga
ion dose to produce the same step height as the control sample. HF is known to remove
surface oxide leaving only a very thin (tens of Angstroms) layer on surfaces prepared by this
procedure 9.

When no Argon beam is used at all during etching, free C12 chemical etching is
achickved for Ga ion doses above the 2x1014 ions/cml saturation dose. At 2000 C, the etch rate
reaches 1000 A/min consistent with the thermodynamic prediction 0 . In the absence of the
Argon beam, the etching in the Ga ion exposed areas continues virtually indefinitely with time
and step heights as large as 3 microns have been produced in this way.

DISCUSSION

Initially the most striking aspect of our observations was the size of the step heights
routinely achievable witi our technique (see again Fig. 2). Step heights of 1500 to 2000 Aare
produced using a 20 keV Ga ion beam even though the projected (calculated and measured)
range of the Ga ions is only about 150 All. It seems implauqible t at a purely kin,'tic damage
(defect) or doping mechanism could be responsible for our observations. Indeed as pointed
out above, the data of Fig. 4 indicated a small dependence on ion range with a large offset
due to a second mechanism.
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All of our observations are consistent with a mechanism which includes the role of a
surface (native) oxide layer12. The effect of the Ga ion beam is then to remove or modify the
surface oxide layer in order to expose the underlying substrate to the Cl2 etchant which will
etch spontaneously even without the influence of the Ar bombardment. Such etching has been
observed previously by DeMeo et aill In the cases where the Ar bombardment is used
during etching, the oxide mask is eroded by sputtering as the step heights am developing.
Thus under those conditions, the ultimate step height is a reflection of the time required for
the oxide mask to erode explaining the inverse relationship observed between step height and
Ar+ energy. In other words, the step formation continues as long as the oxide mask remains
stable and intact.

Our model for the vacuum lithography process is then the following: The Ga ion beam
modifies the sample surface by physical processes resulting in some sputter removal of the
oxide and damage to the underlying substrate to a depth which is 1.5 to 2 times the ion range
(the slope of Fig. 4). The etching is inhibited in the areas still covered by the intact oxide
layer and proceeds in the Ga-irradiated areas. The damaged substrate material is removed by
the etchant exposing clean undamaged substrate material. The steps thus produced will
continue to develop as long as the surface oxide layer remains intact. Althouglh the use of the
Ar+ bombardment during etching can result in increased anisoptropy, the oxide mask is
eroded, limiting the ultimate step height achievable.

We have verified this model in several ways. The first experiment was to remove the
oxide layer after the sample had been introduced to trt vacuum chamber and then perform the
Ga exposure and etching steps. The oxide was removed either by thermal desorption (5250 C
under a P2 beam) or by Ar+ sputtering. We found that in the absence of the oxide masking
layer the step heights of the features was very small, consistent with the ion range (200-300 A
for 20 keV Ga4 ). Further we have found that if the samples are heated in air or oxygen to 350
to 4000 C prior to Ga ion exposure, very deep (3 microns or more) can be produced with
smooth morphology. The thermal pretreatment presumably creates a more uniform oxide
layer coverage without much increase in thickness. Our TEM observations are consistent
with this.

OXIDE GROWTH

Go IN AM

OVERGROWTH

ION BEAM WRITING

< 5xjI04 Tort C12

DESORS OXIDE ETCH

Fig 6. Vacuum lithography process including oxidation, pattern definition, etching, oxide
desorption, and regrowth.



CONCLUSIONS

We have developed an all vacuum patterning process that makes use of a surface
oxide as the imaging layer. It possible or even preferable to use free C 2 for the pattern
transfer resulting in a surface which is completely free of etching-related damage. Very high
quality epitaxial overgrowth can be performed on these patterned substrates with a spatial
resolution which seems to be limited only by the diameter of the focused ion beam. After
patterning, the remaining oxide layer may be removed by thermal desorption prior to
overgrowth ( a normal step in the growth process anyway).

With the addition of an oxidation chamber to the vacuum processing apparatus,
multiple applications of vacuum lithography are possible, as illustrated in Fig. 6. Here, the
surface is oxidized, patterned by the focused ion beam, etched, the oxide is desorbed, and new
epitaxial material is grown. If desired, the newly grown surface may be then oxidized and
patterned and so on as many times as necessary without removing the substrate from the
vacuum.

It is also possible to pattern the oxide layer with something other than a focused ion
beam serial exposure system. Electron stimulated desorption of the oxide locally would
produce the same end but perhaps without the underlying substrate damage 14. This is likely
to be a slow process however. Photon beam desorption is also possible but probably would
not produce high resolution patterns. Ultimately, a broad-area projection ion beam
lithography scheme would be preferable for the increased throughput of such a parallel
process and the desorption/sputtering (momentum) efficiency of ions.
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MASKLESS FORMATION OF TUNGSTEN FIMS BY ION BEAM ASSISTED DEPOSITION
TECHNIQUE
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ABSTRACT

W films were deposited on n-GaAs by ion beam assisted deposition tech-nique using low energy+H 2
4 and Ar+ , and, film properties and residual damage

in the substrate were investigated by measuring X-ray photoemission,
current-voltage characteristic9 and deep level transient spectroscopy.
Films with a resistivity of 10-ohm'cm were formed. It was observed that
damage can be reduced using the low energy beams and that Schottky contacts
with n-factor of almost 1 and barrier height of 0.88 eV were formed,

INTRODUCTION

We have been investigating deposition of W using ion beam assisted
deposition (IBAD) technique[1]. Ion beam assisted deposition using finely
focused ion beam allows maskless deposition with submicronmeter resolution,
which is useful for various applications such as x-ray mask repair and in-
tegrated circuit restructuring. For mask repair and circuit restructuring,
films with high purity is required to get high absorption coefficient and
low resistivity, and low damage in the substrate is required to modify ac-
tive parts of circuits such as contacts and interconnects between contacts.

Up to now, several experiments have been performed to deposit metal
films using IBAD techniques. In the previous experiments, film purity was
poor and resistivity was high except for Au films[2]. Contact characteris-
tics of deposited films and damage in the substrate have not been inves-
tigated.

In the present work, ion beam assisted deposition of tungsten films was
performed on (100) oriented, Si-doped GaAs crystal surface by irradiating
0.5 or 2keV, unfocused Ar+ or H + beams in the WF6 ambient, and usefulness
of low energy beams to reduce tie damage in the substrate has been inves-
tigated. The damage in the substrate and annealing properties were ex-
amined by Schottky barrier characteristics of deposited W contacts and deep
level transient spectroscopy (DLTS). The composition and resistivity of
deposited films were measured by x-ray photoelectron spectroscopy (XPS) and
four point probe method, respectively,

ESTIMATION OF DAMAGE

Both damage and implanted ion in the substrate affect the contact
characteristics of the deposited film. Therefore, it is important to es-
timate their concentration profiles. Figure 1 shows simulated distribution
profiles of ion and damage for IBAD of W films by using 0.5 and 2keV Ar+ and
H +. The simulation was performed using TRIM code[3]. For the simulation,
te observed deposition rate of 1.4 W atoms/ion was used, For H , profiles
were simulated for H+ with half of the beam energy. For 2keV Ar ions, the
surface may be amorphized up to the depth of about 20 A and the density of
implanted Ar decreases to less than 1% at the depth of about 80A. Damage
and implanted ion density is much less for H implantation, although they
distribute deeper. For 0.5 keV ions, defect and implanted ion density is
lower compared to the irradiation at 2keV. For Ar, the amorphous layer
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Fig.1 Calculated ion and damage profiles in GaAs substrate for IBAD of W.
(a) 0.5keV and (b) 2keV Ark, (c) 0.5keV (O.25keV) and (d) 2keV H2 N(lkeV H+)

thickness may be about 10 A and density of implanted Ar decreases below 1 Z
beyond 30 A.

ForJI he maximum concentration of H is about 4X1021 and decrease less
than 10 /cm beyond 270A. At 0. 5 keV, no damage is produced by direct
nuclear collision process because the maximum transferred energy is less
than twice of displacement eaergy[4]. Therefore, we can expect very low
damage.

EXPERIMENTAL PROCEDURES

The deposition was performed on (100) oriented, Si-doped, horizontal
Bridgnan PHB) grown GaAs single crystals wiizn a carrier concentration of
2xlO '/cm . Figure 2 shows the experimental set-up. 0.5 or 2 keV Ar+ or
H a+ions were irradiated at room temperature and a current density of about
1 7 A/cm2 in WF6 ambient. Before the introly ction of the gas, the chamber
was evacuated to a pressure lower than 1x10_ Torr. The supply rate of the
1F6 wa controlled by a needle vs ve and was such that the pressure measuredQ
by the ionization ggijge jas 8X10-4orr. This corresponds to the calculated 1
flow rate of 1. 5X10" /cm Is.I

The chemical composition of deposited film was measured by soft x-ray
photoemission spectroscopy(XPS). The XPS spectrometer was connected with
the deposition chamber to measure Xr-o w!LhiOUt exposing to the laboratory at'-
momphere. Conductivity of deposited films was measured by 4 point probe
methods.
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Evaluation of damage in the substrate was done by measuring the Schot-
tky properties of deposited contacts and trap concentration profiles by deep
level transient spectroscopy (DLTS). For these measurements, the tungsten
deposition was performed with a metal mask with 0.8 mm diameter holes put in
close proximity to the surface of GaAs to deposit circular W dots. Au-Ge
metal was deposited on the backside of the wafer and alloyed at 4500 C for 5
min to form Ohmic contacts. Annealing characteristics were investigated for
furnace annealing in a flowing pure hydrogen atmosphere at 3500 C for 10 min.

RESTLTS AND DISCUSSION

Film properties

Figure 3 shows XPS spectra of W(4f) for tungsten deposited by IBAD, bulk
tungsten and W03. It is clear that there is no significant difference
between deposited tungstei and bulk tungsten except the tail region. This
suggests that metallic tungsten can be formed by the decomposition of WF6
using ion beam irradiation. The tail region is the signal of oxidized
tungsten. From the weak signal intensity, we see that the deposited
tungsten includes only a small amount of W-O bond,

Deposition rate and properties of the deposited films are summarized in
Table 1. The composition of as-deposited tungsten film was W- 93Z, F: 5%
and O. 2%, which was measured by XPS. The resistivity was found to be
1.5XlO-ohm'cm. This value is only about 3 times larger than the bulk
value.

The film purity is much hiRher and the resistivity is lower compared to
the previous experiments[l]. This may be mainly because the deposition was
performed in low residual oxygen pressure in the present experiment.
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Table 1 n-factor and barrier height of W contacts formed on n-GaAs by IBAD

0.5 key 2 keV 1
Ion H2+ Ar+ H2+ Ar+

n-factor
As-deposited 1.61 1.65 Ohmic Ohmic
Annealed 1.14 J.Ol 1.28 1.21

Barrier Height(eV)
As-deposted 0.67 0.57 1

Annealed 0.88 0.73 0.86 0.79

* 3500C for 10 min in hydrogen.

Contact characteristics

Current-voltage characteristics of contacts formed by deposited W were
measured to reveal damage effects in the substrate and evaluate usefulness
of IBAD technique as circuit restructuring. Figure 4 shows the forward I-V
characteristics of W-GaAs contacts formed by H2+ and Ar ion irradiation.

Contacts formed by 0.5 keV H2+ showed Schottky barrier characteristics even
without annealing, while contacts formed by 2 key H2+ showed Ohmic charac-
teristics. This may be attributed to the fact that the heavier damage or
thicker damaged layer is formed for 2 keV H+ than for 0.5 keV H+ as es-
timated by the calculation which is shown in Fig. 1. For 0.5 keV H+, no
damage is induced by direct atomic collision process. For films formed by 2
key H2+, large leak, Ohmic curre..t flows through high density of damage
levels induced at the W/GaAs interface and Schottky current is masked and
because damaged layer is thick, the current is -determined by the damaged,
high resistive layers.

Contacts formed by Ar+ irradiation also show similar behavior to con-
tacts formed by H+ irradiation, although the forward current is much larger.
For 2 keV irradiation, contacts showed Ohmic characteristics and for 0.5
keV, the contacts shows Schottky characteristics. The larger forward cur-
rent may be due to a lower barrier height which results from the heavier
damage, and the thinner damaged layer as can be seen from the simulation
shown in FIg. 1, which results in smaller series resistance due to the
damaged layer.

It was observed that low temperature annealing at 3500C improves Schot-
tky characteristics. For 0.5 keV H+ irradiation, for example, the ideality
factor n was improved from 1.61 to 1.14 and the barrier height increased
from 0.67 eV to 0.88 eV by the annealing for 10 min. This value is almost
the theoretical value for W/GaAs barriers. The large leakage current ob-
served for the as-deposited samples decreased dramatically after the anneal-
ing.

The reverse I-V characteristics of W/GaAs contacts formed by H2+ and Ar
ion irradiation are shown in Fig. 5. As-deposited films formed by 0.5 keV
H2+ and Ar+ irradiation exhibited a large leakage current and soft breakdown
due to the conduction through damage induced levels. After annealing at
3500C for 10 min, however, the leakage current diminished %ignificantly. For
0.5 keV H+, for example, the leakage current became 10- A at the reverse
bias of 3 V.

From the measucement of contact characteristics, it can be said that
IBAD by low energy beam is useful to reduce damage and is applicable to cir-
cuit restructuring.

The contact characteristics are summarized in Table 1. The barrier
height was estimated from the I-V characteristics.

To investigate damage in the substrate, the depth distribution of traps
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Fig. 6 Concentration profiles of trap center in GaAs formed during
IBAD of W using 500 eV and 2 keV H2+. Annealing was done for 10 min.

induced in the GaAs substrate was also measured by means of DLTS. Figure 6
shows the distribution profiles of trap centers in samples formed by 0.5 and
2 keV H2' irradiation and annealed at 3500C for 10 min. The poor Schottky
characteristics made* it Impossible to measure DLTS spectra of the as-
deposited fgmplgs. It was observed that the trap concentration was only
below 1~0I cm and is comparable of grown-in defect with a concentration
of IXlO /cm . The simulation of atomic collision process which is28 howS in
Fig. 1 suggests that defect concentration should be less than 2X0 /cm at
the depth of 200 A for 2 keV H2

+ . For 0.5 keV H+ , no damage should be in-
duced for 0.5 keV H+ by nuclear collision process, but the observed trap
concentration was smaller only by 1/2 than that induced by 2 keV H+ . This
indicates that damage is also induced by other process such as electronic
excitation process.

SUMMARY

The present results suggest that ion beam assistee deposition using low
energy beam is promising to form films without inducing severe damage and
therefore, applicable to circuit repair and modification for active device
parts. W films with purity of 93% and resistivity of 10-5 ohmcm were formed
by using 0.5 and 2 key H ' and Ar+ . H2

+ ions induce less damage than Ar+ .

Therefore, development oi hydrogen focused ion beams are desirable for ap-
plications to ion beam assisted deposition process.
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Abstract

Focused ion beam induced dcposition of carbon from various organic molecules was studied for
a range of temperatures and pressures. To study the effects of vapor pressure, deposition from styrene
was compared to deposition from 2-chloro and 2-bromo styrene. To study the effects of the double
boid on the vinyl substituent, deposition from ethyl benzene and 2-bromo ethyl benzene was
compared to deposition from the 2-X-styrene materials. For each material, deposition yield is found
to scale with vapor pressure as a function of temperature over the range studied (0 , 25 C). This
behavior shows that physical adsorption plays the key role in determining deposition properties. The
importance of the double bond observed in previous work is simply a manifestation of enhanced
physical adsorption due to the presence of this double bond.

INTRODUCTION

Focused ion beam induced deposition (IBID) of carbon has recently become important in the
repair of masks for photolithography. In this process, once the defect has been located, a gas of organic
molecules is introduced into the vacuum system in the vicinity of the defect. Those molecules which
adsorb to the mask surface can be decomposed by the impinging ions to build up an opaque layer of
carbon. Vinyl benzene (styrene) is often used as the starting material and several studies "3 have been
performed to understand the mechanism and the important parameters of this process.

This paper presents the results of a study into a series of starting materials similar to styrene in
an effort to further elucidate this problem To understand the effect of vapor pressure, depositions
from styrene, 2-chloro styrene and 2-bromo styrene (denoted styrene, Cl-styrene, and Br-styrene,
respectively) were compared. These materials have vapor pressures which vary by more than an order
of magnitude while remaining chemically similar. To study the effect of the double bond of the vinyl
substituent, deposition from these three materials was compared to that from ethyl beazene and
2-bromo ethyl benzene (denoted ethyl-benzene and Br-et-benzene). These materials differ in vapor
pressure by less than a factor of two from their X-styrene analogs, but are chemically quite different
from them.

It was found that deposition yield from all five materials scales directly with the vapor pressure of
the starting material at the deposition temperature. This is a clear indication of the importance of
physical adsorption in IBID of carbon. Deposition from materials with double bonds is possible at
lower fractions of the vapor pressure, consistent with the observations of Vasile and Harriott 2, but this
is simply a manifestation of the improved adsorption arising from the vinyl substituent. Above the
region of deposition onset, yield increases with the series, H, Cl, Br. These trends may shed some light
on the relative importance of the physical and chemical properties of starting materials for IBID of
carbon. Finally, deposition onset pressures can be used to estimate sticking coefficients for incident
molecules involved in these processes.

Mat. Res. Soc. Symp. Proc. Vol. 158. O1990 Materlals Research Society
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EXPERIMENTAL RESULTS AND DISCUSSION

The experimental arrangement used is typical for IBID experiments. The Ga+ ion column,
having a minimum spot size of 0.2 jum, was operated at 20 keV, The Si wafer substrates sat on a
thermoelectric cooler and the temperature was monitored with a thermocouple. The organic molecules
were introduced by a small tube close to the deposition surface. The pressure was monitored by a
capacitance manometer near the leak valve outside the chamber. The pressure at the sample was
determined by moving a small aperture on a long tube into position under the opening of the gas jet.
The pressure in the tube, as read by a convectron gauge, was compared to the capacitance manometer
over a range of pressures and a scale factor computed. Once this calibration was completed, the
capacitance manometer reading was scaled to give the pressure at the sample during the deposition.

Deposits from the X-styrene materials with a finely focused spot have very irregular shapes
making it difficult to measure the volume. To avoid these complications and consistently produce
cylindrical pillars, the beam was defocused to form a spot with a diameter of approximately gjam. The
current density was typically 0.7 mA/cm 2 for the nominal beam current of 350 pA. To make each
deposit, the beam was parked in the center of the deflection field for a set duration (typically 300 sec).
Between depositions the beam was allowed to scan the entire Imm deflection field while the stage
moved to the next point and the temperature and pressure were set. The height of the pillar was
measured with a stylus profilometer and the diameter measured in an SEM. Then the volume was
computed and, assuming the film to be carbon at bulk density, the number of carbon atoms divided by
the known ion dose gives a yield in atoms per ion. If sputtering occurred rather than deposition, no
attempt was made to measure the depth of the crater and the yield was plotted as zero for those
conditions. Only flat-topped pillars were used; if deposition occurred at the edge of the crater, this was
still recorded as zero yield.

A typical run consisted of varying the pressure from high to low at a fixed temperature, then
repeating the first pressure to verify the initial deposition measurement. The temperature was changed
and the process repeated for each subsequent temperature. Finally, the initial temperature and
pressure conditions were repeated to verify those values once again. The typical repeatability was
better than 10%.

Figure la shows the deposition yield as a function of pressure at 10, 20 and 26 C using
Cl-styrene as the starting material. In general, the yield increases with decreasing temperature (cf. e.g 6
rTorr data) which is not surprising. The pressure values were divided by the vapor pressure4 of of
CI-styrene at that temperature and the yield replotted versus this 'normalized' pressure in Fig lb.
Notice that all the data fall along one curve when plotted in this fashion. According to the theory of
Brunauer, Emmett, and Tellers, adsorption is expected to scale with vapor pressure, so the data suggest
that physical adsorption plays a dominant role. This same feature is observed for all three styrene
compounds. Similar behavior has also been observed for IBID of gold from Me2Au(hfac) 6.

Figure 2a is a plot of the yield of styrene, Cl-styrene and Br-styrene versus normalized pressure4

for 10 C. Again for each compound, there is a single curve. Above about 0.2%, the Br-styrene points
consistently lie above those of Cl-styrene. From similar data at 20 C (not shown) deposition yield
from Cl-styrene lies above that from styrene, so yield increases in the series H-, Cl-, Br-styrene.

These differences in yield between deposition from different molecules may be due either to
increased adsorption or increased efficiency of the ion-adsorbed molecule interaction. Without separate
adsorption data, it is not possible to tell conclusively which is correct, but there are several possible
explanations for the trend. One is that the vinyl bond is breaking since this is expected to be the
weakest bond. If this were tne case, the increase in yield should go as the reactivity ratios (another
measure of vinyl bond strength). The reactivity ratios7 , however, increase in the order H-, Br-, Cl-, so
this does not explain the data. A second possibility is that the vinyl bond attaches to the surface as
suggested by Vasile and Harriott 2. Then, the Ga* breaks apart the benzene ring and the next
molecule attaches to the radical chain. This mechanism is attractive because of the large amount of
excess energy in the ions over ard above that necessary to break a single bond. One would expect the
benzene ring opening process, however, to be nearly unaffected by the addition of Cl or Br to the ring.
In addition, the contribution to chemisorption from the stabilization of the unpaired electron due to
thc prsence of the hal gen would be expected to go in the order of the electronegativity, which is
again inconsistent with the data. Finally, it may be that the addition of the halogen changes the iou
decomposition cross section. If the breaking of the halogen-carbon bond becomes the rate limiting
step, this could explain the differences in yield, since the average strength of C-X bonds is 64, 77, 99
kcal/mole for X BrCI, and H, respectively8. Obviously the process is quite complex and the correct
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explanation is undoubtedly some combination of the above factors as well as others not mentioned
here.

The lower normalized pressure region of the data of Fig 2a is shown in Fig 2b. The nearly step
function onset may be due to the way zero yield is defined, but once deposition initiates, the yield for
these lower pressures seems to be almost independent of which analog is used as a starting material. It
is interesting to note that the onset pressure increases in the series styrene, Cl-styrene, Br.styrene. This
trend is consistent throughout the temperature range studied. The fact that initiating deposition with
Br-styrene is hardest, but that once deposition starts, the yield from it is highest, suggests that there is
more than one factor contributing to the yield in these different pressure regimes. It also may indicate
a difference between deposition on SiO 2 (deposition initiation) and on the carbon film formed (overall
yield) by this process.

Figure 3a shows deposition yield versus pressure for ethyl-benzene at 10, 20 and 26 C. No
deposition was observed for ethyl-benzene at room temperature for any pressure that could be
tolerated by the vacuum system. This is similar to the result reported by Vasile and Harriottl,
however, we do observe deposition below room temperature. Note that when this data is plotted
versus normalized pressure9 (Fig 3b), the data at 26 C are consistent with the data at other
temperatures. Note also, that the onset of deposition occurs at a much higher pressure (both absolute
and normalized) for ethyl-benzene than for the X-styrene compounds shown earlier. Thus, the reason
deposition is not possible with ethyl.benzene at room temperature is because the adsorption is not
sufficient. As the temperature is lowered, however, deposition becomes possible when a sufficient
number of molecules adsorb.

Figure 4a shows a comparison of carbon yield from ethyl-benzene and Br-et-benzene at several
temperatures plotted on the normalized pressure scale. Here we see that the yield from Br-et-benzene
lies above that for ethyl-benzene for all temperatures and pressures studied. Thus the addition of the
the Br atom must either increase the adsorption or the decomposition cross section as previously
discussed. The low pressure region of this plot is shown in Fig 4b. Again we see essentially one curve
for each material, independent of temperature, and note the relative ease of deposition from
Br-et-benzene as compared to ethyl-benzene. The onset pressure for deposition from Br-et-benzene is
lower than that for ethyl-benzene by approximately a factor of four. It is also possible to compare the
onset of deposition at 10 C from Br-et-benzene (0.2 mTorr, 0.1%) to that from Br-styrene (0.06
mTorr, 0.05%; cf. Fig 2b). This difference is probably due to increased physical adsorption btought
about by the presence of the vinyl group.

The differences in adsorption can also be thought of as differences in sticking probability. Vasile
and Harriott 2 claimed that a necessary (but not sufficient) condition for deposition is that the precursor
molecular arrival rate exceed the ion arrival rate. In fact, these data indicate that the molecule must
adsorb before it can contribute to deposition. Thus, the molecular arrival rate times the sticking
probability, must exceed the ion arrival rate for deposition to occur from a stationary ion beam. For
lr-styrene at 10 C, the onset of deposition occurs at about 0.06 mTorr, giving a molecular arrival rate
of approximately 9x015/cm2.sec.. This gives a carbon atom arrival rate of 7xl016/cm 2-sec which is an
order of magnitude larger than the ion arrival rate of 4x10S/cm 2-sec. Thus the sticking probability of
Br-styrene at 10 C can be estimated as about 0,05. This can be compared to an upper bound for the
sticking coefficient of ethyl-benzene calculated from no apparent deposition at 29 reTorr at 26 C; this
gives a carbon atom arrival rate of 5xl019/cm 2-sec or a sticking coefficient of less than lx104 .

CONCLUSION

It has been shown that IBID of carbon is possible from styrene, Cl-styrene, Br-styrene,
ethyl-benzene and Br-et-benzene. Further, for each of these materials, the deposition yield scales with
the vapor pressure of the starting material at the sample temperature. This shows that physical
adsorption plays a c ominant role in IBID of carbon. Deposition efficiency (yield well above onset)
increases in the series ethyl-benzene, Br-et-benzene, styrene, Cl.styrene, Br-styrene. These trends are
related to an increase in adsorption and / or the ion-adsorbed molecule interaction. Deposition onset
pressures at a given temperature increase in the series styrene, Cl-styrene, Br-styrene, followed by
Br-et-benzene and finally ethyl-benzene. The importance of the double bond is that it increases
adsorption and therefore yield. Rather than being essential, the vinyl sutntituent is helpful, but other
inatcrias with good adsorption would also be expected to work quite adequately as starting materials
for IBID deposition of carbon. Finally, the sticking probabilities calculated from the deposition onset
pressures, range from around 0.05 to lxl04 for the materials and temperatures studied here.



4
+ + +

.~3 *
xxx

E
22 +

0-

0 10 20 30 40
Montre 31 epositiOn yield -in carbon, atoms Prsue mor

per incident' Ga Iion frImm'cthylPrsue tb)
hen7zcnc at 10 CV,,+ ),2() ((X),
and 26 C (0),1crsus (it) Absolute 4 -
presre ind (h) normaiflized +

E.22, +

(b)

S0 2 8
Normalized Pressure (P/P,(T)) X10 3

15
0

0
>10

E 0
-0 0

(a)
0

0.00~~ 0.2 .0 .0 008 Fgure 4 I)Lposition yield in carbon atoms
0.00 0.0 0.4 006 .08per inc'ident Ga ion from ethyl

Norrahzd Pessue (/P~T))bvenic it 10 C (+), 20 C (X),Normlizd Pessue (/PT))and 26 C (-) and 2-bromo ethyl
8 __________________________benzene it 0) C (0), to C (6),
8 20 C (V), and 26 C (0) versus

___ normal ici pressure. (a) All data.
C 04 (b) L ow nonnalized press'ure

0 6 1 0 vreime.

E v

+*

(b)

0 2 4 6 8
____________Normalized________ _____ur IPP )X0



234

ACKNOWLEDGEMENTS

The authors would like to thank Drs. A. Wagner, P. Blauner and C.R. Moylan as well as A.
Dubner and .P. Levin for their helpful discussions.

References

I L.R. Harriott and MJ. Vasile, J. Vac. Sci. Technol. 86,1035 (1988).

2 Mi. Vaile and L.R. Harsiott, Journ Vac Sci Tech 17, (1989).
3 SJ Kirch and DE Seeger, to be published.-

4 R.R. Dreisbach and R.A. Martin, Ind. and Eng. Chem. 41, 2875 (1949).

5 S. Brunauer, P.H. Emmett, and E. Teller,]. Amer. Chemn. Soc. 60, 309 (1938).
6 A.D. Dubner and A. Wagner, J. Appi. Phys. 65, 3636 (1989).

7 T. Boublik, V. Fried, E. Hala, Encyclopedia of Polymer Science and Technology, (J Wiley and Sons,
New York, 1966), Vol. 4, p. 215. -

8 D.F. McMillen and D.M. Golden, Ann. Rev. Phys. Chem. 33, 493 (1982).

9 T. Boublik, V. Fried, and E. Hala,, The Vapour Pressures of Pure Substances, (Elsevier,
Netherlands, 1984).



25

SELECTIVE CHEMICAL VAPOR DEPOSITION OF TUNGSTEN FILMS
ON TITANIUN-ION-IRADIATED SILICON DIOXIDE

H. OKUHIRA, S. NISHIMATSU. AND K. NINONIYA
Central Research Laboratory, Hitachi, Ltd., Kokubunji, Tokyo 185, JAPAN

ABSTRACT

Selective area depositon of adherent tungsten (W) film on
titanium (Ti)-ion-irradiated silicon dioxide (SiOt), Is achieved. First, Ti-ion
irradiation through a stencil mask is perforaedat 800 eVfor 1.1 X 100 atoms/
cal in a reaction chamber. Next, ArF excimer laser (I = 193 nm) chemical vapor
deposition, (CVD) with tungsten hexafluoride (W.) and hydrogen (Hs) is carried
out for 40-seconds at 400 1. Finally, low-pre.sure (LP) CVD is carried out at
600K and then W films are deposited selectively on the ion-irradiated SiO'.
Without the laser CVD-step, the ion-irradiation pattern disappears during LPCVD
and no W film deposition occurs. Therefore, laser CVD is essential in ourexperiments.

INTRODUCTION

The maskless metallization process using selective CVD is attracting much
attention as a one-step interconnection technique for fabricating future Large
Scale Integrated circuits (LSIs)E1]. The major effort in depositing metals by
CVD has been in W deposition because of its excellent electromigration
resistance and refractory nature. In this paper, we present selective area
deposition of W films on a Ti-ion-irradiated SiO2 surface via consecutive
processes of ArF excimer laser CVD and LPCVD.

In conventional LPCVD with WF, and H., W films are selectively deposited
on Si but not on SiOs. Such selectivity originates in the reduction reaction
of WIF by Si, not by SiOs[2]. To deposit W films on Si02, laser CVD has been
attempted, but good adhesion of as-deposited films has not be obtained[S]. In
our experiment, in order to deposit W films on SiO,. Ti-ion irradiation is
performed through a stencil metal mask. It is thought that Ti on SiOg reacts
as a reducing agent of WF., and ArF excimer laser radiation enhances the
reduction reaction. Ti-ion-irradiation also improves adhesion between
deposited W and SiOs. The improvement of adhesion can be interpreted by the
reaction of thin Ti films with SiOs at room temperature[4, 5).

EXPERIMENTAL

The experimental apparatus consists of a reaction chamber, an ion beam
system (COLUTRON Model G-2-D), and an ArF excimer laser (Lambda Physik EMN201
MSC). Si wafers, P-type, 3 - 6 C0-cm, with <111> orientation, were thermally
oxidized in steam at 1173 K. The Si0,-covered wafers were etched with a
solution of 5 % hydrofluoric acid to remove surface contaminated layers before
they were introduced into the reaction chamber.

The procedure of selective deposition of tungsten films was as follows.
First, Ti-ion irradiation was performed through a stencil metal mask as shown
in figure I (a). Typical ion eneiy was 600 eV, dose w*a 1.1 X 101' atoms/ca*,
and background pressure during ion irradiations was 5 x 10" Pa. Pattern width
of the stencil mask is 500 om. Next, ArY excimer laser CVD with WF(16 ccm)
and Hs(200 ccm) was carried out for 40 seconds at 400 K. Ar(200 ccm) was also
fed near a laser introducing window to avoid undesired deposition of reaction

Met. Res. Soc. Syrup. Proc. Vol. 15. 01990 Materials Research Society
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products on the inside of the window.
Total pressure at the laser CVD step STENCIL PATTERN
was 53 Pa. The excimer laser was (width5OOu0pn
operated at 100 mJ/pulse and 20 Hz.
A laser beam was magnified about 6

times using a cylindrical concave
lens and the wafer was irradiated
perpendicular to the laser beam, as

shown in figure 1 Mb . Finally,
LPCVD was carried out at 600 K.

Total pressure at the LPCVD step was SUBSTRATE
raised to 210 Pa by reducing the ION
pumping speed of the reaction chamber. ION

STENCIL SUBSTRATE

RKSULTS MASK HLE

Figure 2 shows the result of (a)
selective deposition of W film on
Ti-ion-irradiated SiOt. An ion

-irradiation pattern was not clear
before ArF excimer laser CVD, as
shown in figure 2 (a). After 40
seconds of laser CVD the pattern
became clear, but metallic feature
(gloss) had not yet appeared. At the
beginning of subsequent LPCVD, the
ion-irradiation pattern once faded
but did not disappear completely. N.
And then, a metallic pattern appeared

preferentially on the ion-irradiated F " ."

SiO, as shown in figure 2 (b). Good Ar XIMER -
adhesion of the deposited film was LASERBEAM
confirmed by a tape test.

Without the laser CVD step, the (b)
ion-irradiation pattern disappears Figure 1. Experimental arrangement

during LPCVD and no V deposition of substrate, stencil mask, Ti

occurs. Therefore, laser CVD is ion bean, and ArF excimer laser

essential. However, longer laser CYD bea. (a) : ion -irradiation step,
times cause selectivity loss during (b):laser CVD step.
LPCVD, and deposition of weakly

adherent W film on the entire SiOs surface. Therefore, adhesion of the

deposited film is enhanced by Ti-ion iriadiation. The improvement of adhesion

can be explained by the reaction of thin Ti films with SiOx at room temperature
[4, 5).

To examine the effect of laser CVD, the near surface of the Ti-ion-
irradiated SiO2 sample was analyzed before and after laser CVD by Auger
electron spectroscopy, using argon ion sputtering. The sputtering rate was 2.5
na/min. Samples were exposed to the air before they were introduced into the
Auger-analysis chamber. On the Ti-ion-irradiated surface, no Si Auger peak was

observed on the top surface, as shown in figure 3 (a). Therefore, the SiO,
surface was entirely covered by TI. The carbon (C) peak was decreased by
sputtering, but the oxygen (0) peak was not changed. After laser CVD. the V

and fluorine (F) peaks were newly observed on the top surface, as shown in
figure 3 (b). These peaks were decreased by sputtering. A Ti peak was also
observed on the top surface. Therefore, the SiOs surface was partly covered by
W(F) nuclei.
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In figure 3, the behaviour of the 0 Auger peaks should be noted. In
figure 3 (a), the shape of the 0 peak did not change with sputtering. This
means that the peak energy of the 0
Auger spectra of Ti (Ox) is not
different from that of SiOs. On the
other hand, in figure 3 (b), the
shape of the 0 peak did change with
sputtering. The peak energy of the 0
Auger spectra of Ti(O) was different
from that of SiOs after laser CVD.
The shape and peak energy of the
Auger spectrum is reflected by the
chemical bond of the elements. The
change in the 0 peak of Ti(Ox) may be
interpreted as a reduction of TiOx
during ArF excimer laser CVD.

(b)
DISCUSSION

A mechanism of W selective
deposition on the Ti-ion-irradiated
SiOt is explained as follows.

The material deposited by Ti-ion
irradiation is fairly well oxidized
titanium (TiOx : chemical composition
is oot confirmed) . The oxygen
probably came from trace amounts of
water ane /or oxygen in the reaction
chamber at the ion-irradiation step. Figure 2. Selective deposition of
In the early stage of laser CYD, a H, V film on Ti-ion-irradiated 3iOx.
reduction of TiO (a) : after ion-irradiation, (b):

after LPCVD.

(V1F1

:- s.4trio

0 M 5 W ' '

ELECIRON DOW (Y) ELEC MON ENERGY (eV)

(a) (b)
Figure 3. Auger spectra. (a):after Ti-ion irradiation, (b):after laser CVD.
Ar-ion sputtering rate is 2.5 nm/min.
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TiO,(s) + 2HN(g) 4 Ti(s) + 2HO(g) (1)

is induced by the photon abaorption of TiO. This speculation is based on the
results of Auger electron spectroscopy. Next, a Ti reduction of WFs

2WFs(g) + 3Ti(s) 4 2W(s) + 3TiF,(g) (2)

is induced under ArF excimer laser radiation. This reaction does not occur in
pyrolysis, in which the reaction product is nonvolatile TiF, [6] which remains
on the substrate. In our experiment, laser radiation can change the reaction
path. W nuclei are formed on the SiO, surface by reaction (2) during laser CVD.
Finally, at the LPCVD step, via a H, reduction of WF on W nuclei

WF,(g) + 3H,(g) - W(s) + 6HF(g), (3)

growth of nuclei occurs and continuous W films appear on the Ti-ion-irradiated
SiO,. The TiOz which is not reduced in the laser CVD step is etched off at the
LPCVD step by the reaction

TiOs(s) + 2WF,(g) - 2WOF,(g) + TiF,(g) (4)

in which the WOF, has a boiling point of 459 K. Therefore the ion-irradiation
pattern once fades at the beginning of LPCVD. This is consistent with the
experimental results.

SUMMARY

Adherent selective W film deposition on Ti-ion-irradiated SiO. is achieved
via consecutive processes of ArF excimer laser CVD and LPCVD. Ti acts as a
reducing agent of NF, and improves adhesion of the deposited W film with Si~l.
No laser CVD results in no W deposition. Therefore, laser CVD is essential in
our experiments.
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NANOSECOND THERMAL PROCESSING

FOR ULTRA-HIGH-SPEED DEVICE TECHNOLOGY

Thomas W. Sigmon and Anthony M. McCarthy, Stanford University, Stanford, CA
Kurt H. Weiner, Lawrence Livermore National Laboratory, Livermore, CA

Paul G. Carey, Siemens, Munich, FRD

ABSTRACT

Progress in high-speed device technology is occurring by both scaling of conventional devices,
such as MOSFETs and bipolars, and the development of new device structures which take
advantage of multi-layer heterostructures. As scaling in lateral dimensions allows production of
devices with dimensions approaching 0.1pin, vertical scaling has become a topic of concern. In
this paper we focus on nanosecond thermal processing (NTP), a new area of process technology
which uses a pulsed uv-laser to perform selective doping and epitaxy on nanosecond time ;;cales.
The rapid thermal cycles and precise control of impurity profiles inherent to the new technique
addresses many of the problems faced in vertical scaling for silicon MOS and bipolar structures
and in the fabrication of selective heteroepitaxial layers. Following a brief historical overview and
description of the process, successful applications in the fabrication of submicron MOSFETs and
narrow base bipolar transistors in silicon will be presented. Structural and electrical results will
be presented for heteroepitaxial layers fabricated in the Ge Si,. and In.Ga,.,As materi, systems

by the technique.

INTRODUCTION

In this paper we introduce the concept of nanosecond thermal processing (NTP), a new regime
of thermal processing in which the thermal cycles last from 100 to 1000 ns. The idea behind the
new processing is best illustrated by reference to Fig 1. In this figure, we show a wafer being
subjected to a high-energy pulse of uv energy. Using the laser the near surface region (10 to 500
nm) of the wafer is melted in a controlled fashion. Selective processing is accomplished by suitably
masking the wafer in regions where laser energy is not desired. To date we have implemented
several processes which incorporate this pulsed-laser technique. As is shown in Fig. 1, these
processes include: a) dopant incorporation, by placing the wafer in a cell with appropriate gas

ambient, b) selective epitaxial growth of homo-, and heteroepitaxial layers, both doped and
undoped, and c) selective annealing and redistribution of previously deposited dopant layers. By
substituting the laser for more traditional heating sources (e.g. flash lamps and furnaces), these
processes are accomplished with nanosecond thermal cycles and no significant wafer heating.
Furthermore, unlike other laser approaches which use small beams to individtally write device
structures, the NTP processes usc a lage area, homogeneous beam and conventional masking
techniques to process wafers on a die by die fashion. Analogous to modem lithography steppers,

this approach allows direct integration of the process into a modem semiconductor processing line
with little or no change to the basic process sequence. Along with this ease of integration, NTP

Mat. Res. Soc. Symp. Proc. Vol. 158. 011O0 Materials Research Society
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Figure 2. Effect of device scaling on a) vertical dimensions in MOS structures to eliminate short channel effects, b)
to increase the performance in bipolar structures by decrease of the base width.

Work at Stanford began in 1984 [7], first using the alexandrite system discossed in Ref. [5] then
evolving to a XeCl excimer laser. Devices were first demonstrated later in that year using the

excimer laser source [8]. In the remainder of this paper, a complete review of the equipment,

process, and device fabrication results obtained from this effort is discussed.

NANOSECOND THERMAL PROCESSING EQUIPMENT

The laser system, shown schematically in Fig. 3, is designed to allow determination of all

parameters required for characterization of the melt/diffusion process in-situ and in real time. The
equipment is designed around three process modules. The first consists of the excimer laser, beam

splitters, beam-shaping optics, gas cell, and X-Y stages. The second module supplies the in-situ

diagnostic capabilities and real time data acquisition. The third and final module supplies the
excimer beam diagnostics which include spatial uniformity, beam size, and effective energy

fluence.

The laser-melingequipmentisbuilt around aQuestek2860 excimerlaseroperating at teXeC

wavelength, 308 nm. The excimer beam is directed through a set of reflective beam splitters which
allow course adjustment (AE > 10%) of the laser energy. Fine adjustments in the energy are made
at the laser by varying the high voltage on the discharge capacitors. Af:er the beam splitters, the
beam passes through expanding optics and into an optical integrator which is used to reduce and
homogenize the input laser beam. The refined beam can be focussed to a final spot size on the wafer

which can be varied from a 3X3 mm2 up to lXl cm2 square. The wafer s contained in a portable
vacuum cell filled with the dopant gas for in-situ doping or an inert gas for m..it-recrystallization

experiments only. The cell is mounted on a set of X-Y stages and the process is usually carried out

on a die-by-die step and repeat mode under computer control.

Real-time process diagnostics are available which allow the measurement of: i) the duration

for which the substrate suface remains molten, if) the temporal profile of the excimer laser beam,

iii) visual inspection of the processed areas, and iv) visual alignment of the wafers for die-by-die

processing.

______________________ ____________________



244

XeCI Excimer Lase

C"omputer and Diagnostics
Figure 3. Schematic representation of the pulsed uv-laaer nanosecond thermal processing system. The system is
controlled by a computer work station and includes in-situ, digitized diagnostic capabilities for real-time process
monitoring.

The surface melt duration is measured using a HeNe (X = 633 nm) laser focussed on the silicon
wafer and an avalanche photodiode (APD) to detect the reflected beanm. Together, the laser and
detector constitute a simple surface reflectivity, probe. Since the HeNe beam is non-intrusive, the
measurement can be made in-situ.

The temporal intensity profile of the excimerlaser beam is acquired usinga Sipin photodetector
placed behind the final turning mirror shown in Fig. 3. The output of this detector and that of the
APD are collected by a BP541 I ID digitizing oscilloscope. This output in turn is fed into the
computer system controlling the X-Y stages and the laser. Typical examples of the temporal and
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S 0.030 --- 30.030
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0.020 ~- '0.020 -
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Time(ns) Trm(ns)
(a) (b)

Figure 4. Typical examples of thea) temporal laser pulse profile and b) sample reflectivity obtained from the in-situ
monitors.
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reflectivity data acquired from the silicon surface are shown in Fig. 4.

The final module incorporated into the laser system allows spatial beam profiling and precise
energy fluence determination. The ability to profile the beam and insure its homogeneity is perhaps

the most critical requirement for accurate characterization of the process. Without detailed
knowledge of the spatial uniformity, size, and energy of the beam, it is difficult to accurately

determine the energy fluence. Furthermore, nonuniformities of the beam intensity, so called "hot

spots" can cause erroneous results and create thermal gradients across the molten region which can

lead to a breakup of the recrystallization front resulting in highly defected layers being grown.

Examples of the spatial profiles acquired by the beam profiling system, consisting of a charge

injection diode (CID) array, frame grabber, and control software, are shown in Fig. 5. In this figure,

the uniformity of the laser beam at the output of the laser, Fig. 5(a) is compared to the beam at the

output of the homogenization system, Fig. 5(b). The typical homogenized beam has absolute

intensity variations of 7% across the central portion of the 1--am. Energy measurements are taken

by replacing the CID camera with a Sciernech calorimeter and are accurate to ±3%.

MIa)

(b)

i 'p

Figure 5. Spatial profile of excimerlmsr beam obtained with the beam profifingsystem: a) excimer beam as produced
by the laser, b) spatial profde after homogenizing optics.

PROCESS CHARACTERIZATION

We have used both materials and electrical measurements, combined with modeling to

characterize the melt-doping process. The ability to model the process has allowed rapid

determination of the important controlling variables. In Fig.6 we show calculations of the melt-

time vs melt-depth with laser energy density as a parameter for the XeCl excimer laser [9]. The

idealized gaussian laser pulse used for the calculations is also displayed on the figure. Figure 7

shows experimentally determined melt-depths plotted versus melt-time. Also shown in this figure
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Figure 6. LASERMELT simulations ot the silicon melt depth versus time for an idealized gaussian laser pulse.

are results calculated using the melt-depth simulatordeveloped for this work, LASERMELT [11.
Using the melt simulator we can calculate the melt depth for a guassian pulse similar to Fig, 6, as
well as the actual laser pulse, digitized using the fast oscilloscope. As shown by the solid line in
Fig. 7, simulations using the digitized profile provide excellent agreement with experiment. The
disagreement between the two simulations underscores the importance of adequate in-situ
diagnostics for determination of the laser pulse shape and sample melt-time.

Examples of dopant profiles that can be obtained using the process, along with simulated results

4000..........................

0 Expwimwra

NOWiza (FWHM - 26.50.)

00 -Gausslan (FWI4M *26.5 ns)

S2000

1000

0

0 20 40 60 s0 100

Melt Time (na)
Figure 7. Single set of results for melt-depth versus melt-time experiments. Also shown are simulated results from
LASERMELT using boh a digitized temporal beam profile and a gaussian approximation. Agreement between
experiment and simulittion using the digitized pulse is very good, demonstrating the importance of in-situ monitors
for the temporal profile of the excimer beam.
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Figures8. Examples of a) arsenic and b) boron profiles obtained by redistribution of an ion implanted profile using
the Ni? process using a fixed la energy and Varying the number of lawerpulses Also shown are simulated results
from our LASERDOPE simulation program.

are shown in Fig. 8(a) and (b) for arsenic and boron dopants, respectively. For these experiments,
the initial atom distribution is ion implanted in order to provide a known dopant concentration
profile for the diffusion calculations. The profiles are then redistributed by varying the number of
laser pulses while keeping the laser energy constant. The simulatiop is performed using a velocity
dependent segregation coefficient [ 11,12] in order to obtain results which accurately reproduce the
experimental data. In Fig. 9 we show SIMS results taken for gas immersion laser doping using 5%

PI-3 in H2 as the gas ambient. Details of the melt-times are shown on the figure. The ability to form
true box-like profiles for junction depths as shallow as 30 nm is apparent from this figure.

One of the several advantages of the GILD process for junction formation is that the layers are
electrically active following the process and thus require no post-doping anneal steps. We have
investigated the electrical properties of these junctions and found that they can be made essentially

free from defects, the devices being dominated by standard defects such as perimeter leakage.

10 21

SIMSnaly, Meitl1mr
en- bombsrdnwt o 77 no

a 37ns
A 21 ns

100

10o WL ....... -..... ......... .,., .........

500 1000 1500 2000 2500 3000 3500 4000

Figure 9. SIMS profiles obtained for GILD processing of silicon in a phosphorus dopant ambient. For these data the
number of laser pulses is fixed at 20 and the melt depth is changed by changing the laser energy. This figure
demonstrates the ability of the Ga D process to produce true box-like profides.



248

Although some thermal processing must be performed to transform adoped layerintoa measurable

device, the temperatures can usually be held below 600'C. Deep level transient spectroscopy
measurements have been performed previously on GILD doped layers with no defects being found

[13] for process conditions used for device fabrication. Although these results contradict others

who have done similarexperiments [14,15], we believe that our experimental conditions, e.g. laser

parameters, device fabrication techniques, etc. play a major role in determining the quality of the
final electrical results.

DavicE FADUCATiON RESULTS

MOS Transistors

We have fabricated n- and p-channel MOS transistors using the GILD process [16,17].
Standard polysilicon gate MOS processes are used, with the GILD process being inserted in place
of the normal ion implantation steps. In Fig. 10 we show the wafer split between the GILD and

ion implanted devices, the processes having been identical up to this point. The main advantage
of using the GILD process, other than providing shallower, lower resistance source-drain regions,
is in the reduction of dopant diffusion normally occuring during the implant activation stop, by
elim'nation of this step. This effect is dramatically illustrated in Fig. 11, where we show the change
in device threshold voltage Vrversus polysilicon gate length, LKou. It is seen that GILD devices
(x, - 125 nm) can be fabricated with essentially no shift in threshold voltage down to L -- 0.6
gm, the streched limits of our process. This is in contrast to the implanted devices (x, - 580 nm)
where loss of gate control, due to short channel effects, is observed at L,. - 2.0 Jim, the actual
design length for the process.

IMPLANT F [GILD 1
AIH3 GILD

I6101 100 keV ?As S/D Implant Al , : . R fectivity

jP4 YP(a) J ye c

_ B FO 1 G ILDe V 11B BIflomtiant

Photoresist
n+ n+

Figure 10. Wafer cross sections forNMOS and PMOS devices at the ion implant (aob) - GILD (c-d) wafer split. The

main differences between the GILD and implanted wafers are: i) an Al mask replaces the resist mask for the GILD
waters, ii) the source-drain oxides areremovedfortheGILD devices, and iii) the implanted wafers mustbe tilted during
implant to minimize ion channeling efftnts.

"j

I€
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Figure 11. Threshold voltae shift, VT vs polys licon ga ngth, y forGILD processed and ion implanted PMOS
transistors. These data show that essentially no threshold shift occurs for gate lengths down to 0.6 jum for the GILD
devices while significant shift is observed for the ion implanted transistors.

In Fig. 12 we show a comparison of the high frequency CV, and quasi-static IV curves for thin

(to, = 20 nm) gate oxides beneath GILD melted polysilicon gates and unmelted controls. It is clear

from these curves that the GILD process causes ,o deleterious effects on the gate oxide properties.

Similar results are found for the density of interface states at the oxide!s-licon interface. These

results are crucial to the application of the GILD process in futurt JLSI process technology.

Bipolar Transistor Fabrication

The ability of the GILD process to fabricate shallow, box-like profiles lends itself

particularly well to todays VLSI bipolar technology. For these technologies, reduction in base

1.0

0.4
"D | HF CV
-' 0 .. -........ a s IV

HF CV GILD
- - SIV GILD

o 0.2

0.0 1 I I I I I i

-5 -4 -3 -2 -1 0 1 2 3 4 5

Voltage (V)
Figure 12. Comparison of high frequency CV and quasi-s t c IV characteristics of GILD processed and furnace
annealed polysilicon on 20 nm gate oxide capacitors. There iq no amicable differece ift d betee the GILD
wafers and the furnace-annealed control wafers.
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width is desired in order to optimize the performance of the bipolar transistor. Concurrently, the
base dopant concentration must be increased to maintain a low base resistance in the thinner base
region. In the future, as base widths shrink well below 100 rum, basic problems will limit the
effectiveness of current doping technologies, such as ion implantation and diffusion from doped
layers, in accomplishing these tasks. Two approaches exist, however, which allow NTP to offer

a unique solution to the problems faced in bipolar transistor fabrication. One is to simply
redistribute and simultaneously anneal, on a nanosecond time scale, previously implanted doped
layers. The effect of this approach is shown in Fig. 13(a) and (b). In Fig. 13(a) we show SIMS
analysis of an ion implanted npn structure. The gaussian distributions and long channeling tails
associated with ion implantation are evident. Figure 13(b) illustrates how NTP processing can both

tredistribute the implanted profile to a more technologically useful one, while simultaneously
annealing the implanted base and emitter layers. Using the technique of ion implantation with
laser-induce activation and diffusion (PLIAD) we have fabricated bipolar transistors with z

excellent forward and reverse bias electrical behavior which exhibit a maximum current gain
approaching 200.
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1018 ....... 101I ...............

0 1000 2000 3000 0 1000 2000 3000
Depth(A) Depth(A)

Figure 13. Comparison of ion implanted emitter-base profiles a) before and b) after laser redistribution and anneal.

In a recent publication [18] we have also demonstrated the fabrication of npn bipolar transistors
without the use of ion implantation, using the GILD process to dope both base and emitter regions
of the devices. The electrical characteristics of one of these devices are shown in Fig. 14(a) and
(b). Figure 14(a) is the transfercharacteristic of the device. Even though this device has a zero bias
base width of less than 100 nm, it still exhibits a high punch-through and EIrly voltage, resulting
from the relatively high base dose incorporated during the GILD process. In Fig. 14(b) we show
the dc forward current gain h, of the device. Further improvement of h can be easily accomplished
by simply lowering the incorporated base dose. It should also be remembered that these devices
have boon fabricated without high temperature annealing steps, and as such can be easily
incorporated into advanced ULSI BiCMOS circuits.

I .....
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implantation: a) collector current versus collector-emitter voltage transfer characteristic, and b) common emitter
current gain versus collector currenL

Nanosecond Selective Epitaxial Processes

As increased demands are placed upon device performance, the use of epitaxial processes in

the fabrication of high speed device structures will increase in importance. One difficulty in the

use of epitaxial processes for fabrication of heterostructures is the non-selective nature of most

common (e.g. MBE, CVD, RTCVD) epitaxial processes. In the following, we briefly describe an
alternate to the above processes using NTP, which allows both selective epitaxial growth and in-

situ, simultaneous doping. At this writing we have selectively grown both Si/Si and GeSi,.JSi
layers [19], and achieved large area growth of InGaAs/GaAs [201. Figure 15 illustrates the

procedures by which the laser induced, selective epitaxial process occurs. At this time we have
fabricated and characterized p*-n junctions fabricated in Ge0Si0 layers. The electrical

characteristics of devices fabricated from these layers are shown in Fig. 16. In this figure we plot

both the forward and reverse bias I-V characteristics for the diodes. It should be noted that using

.......... Photoct at • • "&yA(100%) Al (100%)

-- ~St) ...... lo...- -o *-t

b) d)

-layer Sctive Epitaxal Layer

10) ... .. ... .. ,
AopllDey RegiO-

Figure 1. Schematic diagram of theselective LIE proces: a) the waferispatterned using standardphotolithiography,
b) the photoreuist and the amorphous material are deposited, c) the overlayer is alloyed with the underlying substrate,
and d) the aluminum mask is removed leaving a selectively grown layer of heteroepitaxial material.
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Figure 16. Forward and reverse IV characteristics for p*-n GeoSio/Si diodes fabricated using selective laser
epitaxy: a) forward IV shows ideal diode behavior over many decades of crrent, b) reverse IV indicates the reverse
leakage at 5V is less than 10 nA-cm 2 while reverse breakdown occurs abruptly between -32 and -33 volts. Te depth
of this junction is less than 20 rnm.

RBS measurements we have determined that the alloy layer thickness for these films is less than

25 nin and that dislocation densities are < 101 cm'.

CONCLUSIONS

Nanosecond thermal processing (NTP), a new process technology which allows fabrication of
ultra-shallow, high concentration dopant layers suitable for ULSI technology has been described.
The technology utilizes a broad beam, pulsed uv-excimert laser to melt, on a die-by-die basis, the
near surface region of a suitably masked wafer on a nanosecond time scale. Dupant incorporation
and activation of the region occurs within -100 ns, eliminating unwanted diffusions of other layers
present on the wafer. Demonstration of the fabrication of submicron MOS and narrow base bipolar
transistors fabricated using in-sit* doping of the active layers has been carried out. Two unique
extensions of NTP, annealing and redistribution of ion implanted layers and selective laser induced
epitaxy, have also been described.
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IN SITU NEAS11MW, T OF PULSH) LAM INWW CAR IER (ENERATICN IN [OPED
SILICON FII.S
T.SAMEMSI. M.HARA and S.USUI
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i- Abstract
Transient conductance measurements were used to study rapid carrier

generation during the laser doping of a silicon film. The movement of the
liquid-solid interface was measured and the point of initiation of carrier
generation from dopant atoms diffused to the molten silicon was determined.
It was established that the dopant atoms are activated at the nonnt the
dopant diffused region solidified. Also, the laser doping technique was
used to fabricate polycrystalline silic 8n thin film transistors (Poly-Si
7TF's) at a processing teriperature of 250 C.

01. Introduction
Pulsed laser doping[1-3] is an attractive technique for fabricating

source and drain regions with 0.ltun-deep junctions in metal-oxide
seniconductor (MDS) transistors and in thin film transistors on a large-area
insulating substrates. We have reported the laser-induced melting of
predeposited inpurity doping (LINFID) technique [3.4]. This technique
enploys a radio-frequency glow discharge (rf-GD) to deposit a thin dopant
film uniformly by deccuposition of a dopant gas such as B2H or PHI,
followed by irradiation with a pulsed XeCl-308nm excimer laser, leading io
superficial melting of the silicon and diffusion of the dopant. Using this
technique, heavy doping of silicon to dopant concentrations of lxlO an
have been obtained. it

In this paper, we analyzed carrier generation in situ using transient
conductance measurements [5,6]. We first report our investigation of
carrier generation in the doped region formed by laser doping of silicon-on-
sapphire (SOB) films. Next we report our investigation of carrier
generation in the doped region formed by laser-induced melting and regrowth,
using doped amorphous silicon as the starting material, This paper then
presents a new process for fabricating polycrystalline silicon thin film~transistors (poly-Si TWr's) using the laser doping technique with doped

amrphous siiicon film for the dopant source.

02. Transient conductance measurements
Figure I shows a schematic diagram of the apparatus used for transient

r conductance measurements of carrier generation in the region formed by laser
doping. A 500nm-thick undoped SOS film with an orientation of (100) and
resistivity of 100 nm was patterned into Inn stripes and an Alurninin
electrodes with a width and gap of 3nn were formed on the stripes. A 50nr-
thick boron film was then deposited at 2000c on the silicon surface in the
electrode gap by decarposition of 2080CvM B21 diluted to 1% with Ar
(B H (1%)/Ar) using rf-CD. The sanple was Then connected to a load
reiitance of 50J-Mand a bias voltage was applied. Irradiation was provided
by a pulsed 308nm-XeCl excimer laser (M=30ns full-width at half naximum) in
air at roan teiperature. The sple was irradiated with a laser beem whose
spot size was focused from 3n=ncm to 5iml~nn through a lens. The
transient current during and after irradiation was measured across the load
resistance by a high-speed storage oscilloscope. The threshold melting
laser energy and the duration of melt at the smple surface were determined
by time-resolved optical reflectivity measurenents (7] using an Ar-514.5m
laser beam as a probe light.

To measure carrier generation when a doped amorphous silicon film is
annealed by laser irradiation, boron-doped and phosphorus-doped hydrogenated
mwrphous silicon (a-Si:H,B and a-Si:H,P) films were degosited on a glass
substrate. 100om-thick doped-films were deposited at 250 C by deccmposition
of 50SCXM SiH (10%)/Ar and 1OSOOYI B H (1%)/Ar and of 50SC SiH (10%)/Ar and
1OSQJ PH 1 /Ar using rf-cD. Irn-wide silicon stripes wee patterned.

Mt. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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Aluminum electrodes with a width and gap of &3m were subsequently formed on
the silicon stripes. The transient current during and after irradiation was
measured.
13-1. Carrier generation in the doped region formed by laser doping

Curve A in Fig.2 shows the conductance change during2 and after
irradiation with a single pulse at an energy density of 1.04J/an for an SOB
film on which a 50nm-thick boron film has been deposited. Figure 2 also
shows the conductance change during 9fd after irradiation with a single
pulse at an energy density of 1.33J/am for SOB film on which a boron film
was not deposited (curve B), The conductance associated with molten silicon
appeared first stage and reached its maxinun at 170ns. The maximum melt
depth is estimated to be 420nm from the hypothesized conductivity of molten
silicon (12000S/ern)(8] for both sMIples. The SS film coated with the boron
film was melted to a 420nm depth by irradiation at a lower energy density
than the uncoated SE film because deposition of the boron film reduced the
optical reflectivity of the surface from 6296 (bare silicon) to 50% by the
antireflection effect. After 170ns, the molten region began to solidify at a
velocity of 2m/s, the value of which was obtained from the slope of the
decreasing conductance. The initiation of carrier generation in the
boron-doped region occurred rapidly at 260ns, because the conductance of the
SS film coated with boron decreased more slowly after 260ns than that of
the uncoated SOS film. The residual conductance was measured at the
termination of melt for the SOS film coated with the boron film, as can be
seen Fig.2. This result shows that carriers were generated at the nXment
the boron- diffused region solidified, even while the superficial region was
still melting.. Mbst of the carriers are generated in the region shallower
than 200nm because the top 2001m was melted when the initiation of carrier
generation occurred at 260ns, as can be seen by curve A in Fig.2. Secondary
Ion Mass Spectraetry (SIM) measurements revealed that most of the boron
atas are concentrated in the region within 200nm of the 1%urfice, because
the dose of boron atorms in the regiop bWow 200nm was 6xlO am , which wasonly 3% of the total dose of 2x0" cm , as is shown in Fig.3. Figure 3

also shows the in-depth profile of boron concentration calculated using a
sinmulation progran which we previously reported [4]. The evolution of
boron diffusion with time from the surface into the molten region was
calculated using the change of the melt depth obtained experimentally, as
shown by cjtrvP B in Fig.2. If the boron diffusion coefficient is assumed to
be 2.7x1O cm Is, the calculated result agrees well with the experimental
result, as can be seen in Fig.3, The p-n junction depth was 380nn, which
was shallower than the mxirmrn melt depth of 420rm, because the melt front
moved too fast for boron atois to diffuse throughout the molten region.

After termination of melt the conductance Increased monotonously with
time. The roam temperature sheet conductance of 0.11S/O is twice the value
at the termination of melt. In order to determine whether the activation of
boron atoms is complete at the termination of melt or whether it continueT
in the solid phase after resolidification, the following experiment was
carried out. An SOB film was 1ped with boron by irradiation with a pulse
at an energy density of 0.6OJ/cm . The sanple ias successively irradiated
with 10 pulses at an energy density ol 0.45J/em , which is lower than the
melting threshold energy of 0.5J/am . Figure 4 shows the transient
conductance caused by irradiation with the first and 10th pulse at
0.45J/en . After each irradiation of the 10 pulses, the conductance changed
in similar fashion -- it decreased rapidly with irradiation. Afterwards it
increased gradually to the initial value of 0.021S/D . No further increase
of roan-terperature conductance was observed with laser treatment, meaning
that no further activation of boron atans was effected In the solid silicon
by laser heating. The conductance change !n Fig.4 can be Interpreted to
mean that carrier mobility first decreases by laser heating and then
increased gradually with time as the silicon film is cooled through heat
diffusion to the underlying region. In laser doping, therefore, the
activation of boron atom is completed at the termination of melt for the
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first pulse.,

93-2. Carrier generation during and after laser annealing of doped amorphous
silicon

Carrier generation in the doped region was investigated when doped
amorphous silicon films wereo irradiated by a laser pulse. The melting
threshold energy was 130mT/cm for the a-SI:H,B and a-SIA:,P films. Figure
5(a) and 5(b) shows the conductance change caused by irradilson with a
single pulse with an energy density between 140 and 21W/cna/m' for the
a-SI:H,B and a-SI:H,P films, respectively. For both samples, the
conductance associated with rmlten silicon occurred first, followtd by
conductance in the doped region, as can be seen by curve A In Fig.2. The
maximum melt depth and conductance In the doped region Increased with
increasing energy density, as can be seen In Fig.5., Althoup.4 the

conductivity of as-deposited a-Si:h,B and a-SI:H,P fiin was 1xl0 3  and2x10 SIrn, respectively, It was increased to l.SxlO and S.xl0 S/cm,
respectively, by irradiation with a single pulse at 210J/cm . The
increase of conductance was caused by the Increase of the carrier nobility
and the increase in the activation ratio of dopant brought abot by the
crystallization of a-Si:H through the laser Induced melt-regrowth. The
carrier concentratiff and obllity was btained by Hall effect measurements.
They Ire_3 1.2x10 2 cm and 8 cm /Vs for boron-doped silicon and
1.0xl0 cm and 9cm /Vs for phosphorus-doped silicon.

14. Application of laser doping to the fabrication of Poly-Si In's
A doped region with low resistivity was obtained by laser irradiation

of doped smorphous silicon at room temperature. This technique is useful
for fabricating poly-Si 'Th's(9]. Figure 6 shows the process of fabricating
n-channel poly-Si TT's using laser-induced crystallization of a-Si:H and
laser doping with an a-SI:H,P film for the dopant source. A 20rtn-thick S
a-SI:H layer was first deposited on a glass substrate at 2500C oy
decomposition of 50SCXM SiH 4(1096)/Ar using rf-D. Next, a photoresist layer
was coated and patterned to protect the region not to be doped was definrd.
A 5nm-thick a-Si:H,P layer wa subsequently deposited over the entire
surface of the substrate at 100 C by decomposition of 50SOXv SIH (10%)/Ar
and IGSOXM PH /Ar using rf-MD. The a-Si:HP layer on the photorisist was
then remved Ay the lift-off technique. The sample was Irradiated with a
pulsed excimer laser beam with a 5nnilOrrm spot size at room temperature.
The multistep irradiation technique was used in order to prevent eruption of
hydrogen which can break the film and cause surface roughness. In this
technique, 10 pulses yiere irradiated with the energy density being increased
frcn 140 to 21Wk/cm , so hydrogen eruption did not occur with the surface
of the film remsing very smooth. The a-Si:H region and a-SI:H region
coated with a-Si:H,F film region were crystallized through laser-induced
melting regrowth. Transmission electron micrograph measurements revealed
that the grain size was between 10 and 60nm. Phosphorus atans in the
patterned a-Si:H,P layer were incorporated into the underlying silicon layer
so that a region with a low sheet resistance of 600,Q,4 was formed. After
the irradiation, poly-Si isla %ds were formed. An 100nm-thick SIO layer was
subsequently deposited at 250 C by decarposition of 2SICM SiH (?0%)/Ar and
100SOM N O for the gate insulator. Contact holes were opined for the

tsource an drain regions, an At layer was deposited and the gate, source
and drain electrodes wsre defined. The saple was finally annealed in a
hydrogen plasma at 150 C for 30 minutes at an rf power of 5W in order to
terminate dangling bonds at the grain boundaries in the poly-Si fAlm. The

* poly-Si TFT's were rabricated at a processing temperature of 250 C using
laser-induced crystallization of a-Si:H and laser doping. Figure 7 shows
the drain-current-vs-gate-voltage (I -V ) charoeteristics of a poly-Si TFr
with a gate width of 300txn and a gate length of 30m. On/off current rat o
at a drain voltage of 5V between gate voltages of -5V and220V Is 1.5x10
The effective carrier nobility in the linear region Is 54cm /Vs.
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15. Conclusions
Through transient conductance measurements, we obtained the carrier-

generation characteristics of laser doping using a XeCl excirner laser.
When SOB films coated with 50nrn-thick boron ilm were irradiated with a
single pulse at an energy density of 1.04J/an , the carrier generation in
the boron-doped region was measured 260ns after the initiation of melt. A
large conductance of 0.055S/3 for the doped region was obtained at the
termination of melt at 470ns. This shows that the boron atom were
activated at the moment the boron-diffused region solidified. The
conductance increased monotonously with time after the termination of melt
because the carrier mobility increased as the silicon film cooled through
heat diffusion to the underlying region. Boron atoms were concentrated
within 200rm of the surface, while the silicon melted to a depth of 420rm
because the melt front moved too fast for the boron atom to diffuse
throughout the molten region.

When the boron- and phosphorus- doped amorphous silicon fil~ns were
irradiated by a laser pulse at an energy density over 140mJ/cm", the
silicon surface melted and carriers were generated in the doped fegion as
the molten silicon solidified. 3A high conductivity of 1.5x10 S/cm for
B-doped poly-Si and 1.4x10 S/cm for P-doed poly-Si was brought about by
irradiation at an energy density of 21W/cm . )

Poly-Si 'rT's withamaximmmobility of 54en'/Vs and a mxinumon/off
current ratio of 1.5x10 were fabricated at the low processing temrperature
of 250 C using excimer laser-induced crystallization and laser doping
techniques. This process can be applied to large area devices on low cost
substrate without high heat-resistivity, such as active matrices for a
liquid crystal display panel.
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ABSTRACT

Laser annealed refractory metal gates and Ohmic contacts have been developed for GaAs FETs
and HEMTs fabricated on MBE layers grown on laser desorbed substrates. Amorphous refractory
metal siicide films were sputter deposited by a method in which the RF power to separate refractory
metal and silicon targets were set at predetermined deposition rates and the substrates were rotated
with respect to the sputter targets receiving a 0.2 to 0.5 nm film on each pass. The gate resistance
was reduced and Ohmic contacts formed by pulsed excimer laser annealing.

Introduction

Gallium arsenide field effect transistors (FET), high electron mobility transistors (HEMT),
power FETs as well as high speed digital GaAs ICs and monolithic microwave integrated circuits
(MMICs) require a stable metal contact technology, low parasitic resistance and a high degree of t li-
ability and reproducibility. Self-aligned gate FETs in digital GaAs integrated circuits require gates
which must withstand a high temperature anneal treatment. For long term high temperature applica-
tions, stable Ohmic contacts are also required since present AuGe contacts are stable only up to about
350°C. A promising approach for achieving high reliability is through the use of a refractory Ohmic
and Schottky contact technology based on amorphous metallization.

Refractory Siicide Metallizations

An RF-magnetron sputtering technique was utilized for the deposition of amorphous (a-)
refractory metal siicide films. The system consists of two targets with power splitting capability and
substrate table rotation with variable speed. By adjusting the power delivered to the individual tar-
gets, Ta or TiW and Si, fine control of the composition of the amorphous metallization with atomic
layer dimensions, as shown in Fig. 1, can be achieved. The sputtering pressure of Ar gas was 20
mtorr and the deposition rates were as low as 400-500 A/hour. This method has the following
advantages over sputter deposition from a single target: a) overall average composition can be better
controlled by varying the power, and thus film thickness on each pass, to the separate targets; b)
amorphous films, which are desirable as diffusion barriers, are always obtained because a-Si in depo-
sited on each pass of the Si target, a glancing angle x-ray diffraction spectra is shown in Fig. 2, and
c) because the substrate spends only a small time near the sputter target as it rotates, the surface tem-
perature remains lower than if a single sputtering target were used and photoresist can be employed to
lift 1.0,am long gates [1], as shown in Fig. 3.

Laser Annealing of Metallizations

Annealing of the layered films was carried out with a 308 nm excimer laser to reduce the resis-
tance in these amorphous films and to form Ohmic contact. The uniformity of the laser beam was
established by mounting a I intm diameter aperture in front of a power meter and measu'ing the inten-
sity of the primary beam from the laser at 2 mm intervals across the 2.4 cm x 3.4 cm beam in two

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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orthogonal directions. Only the outside 0.6 cm of beam had reduced intensity and only the center 1
cm x I cm of the beam was used in the experiments by use of anaperture. Slight focussing of the
beam was accomplished with a quartz lens to final position the beam on the refractory suicide films
and to adjust the size of the beam. A He-Ne laser was utilized for alignment of the excimer I-
the desired spot. Power densities up to 500 mJ/cm2 per pulse were obtained, but it has bt _
that values over 400 m/cm2 are usually destructive. Best results were obtained when samples were
maintained at 450*C during laser annealing. Laser annealing has the advantage over Rapid Thermal
Annealing (RTA) or oven annealing in that it is not necessary to heat the entire wafrr. Annealing is
accomplished by adjusting the energy density to penetrate only part way into the films, ideally result-
ing in a phase change to polycrystalline material of lower resistivity at the top of the film leaving the
bottom part of the film as a well behaved amorphous diffusion barrier.

The refractory ct-metal silicides form Schottky barriers on n-type GaAs. It was found that laser
annealing of these films results in significant increase (30% or more) in the conductivity for
thicknesses s2000 A. If the metallization is approximately 400 A, Ohmic contract is formed
because the heat pulse reaching the ct-metal/substrate interface is sufficient to raise the temperature
enough to cause interdiffusion.

Film resistivity was measured by the voltage drop between gate pads, see Fig. 3, for a given
current through the width of the gate. The resistivity values in Figure 4 are based on the cross-
section of the gate finger. As the film was laser annealed, it is likely that only the top of the film
changed in composition or crystal structure. Only the average resistivity can be calculated at present
since the depth of laset beam and heat pulse penetration have not yet been measured. Resistivity
values above 500 pAd-cm are too high for device applications, but it can be reduced by reducing the Si
content and by laser annealing. As can be seen in Figure 4, the laser anneal threshold energy density
for reduced res ",ity is, for the a-Tio.3W. 12Si.5, - 160 mJ/cm 2. As expected, raising the substrate
temperature dui. 6 laser annealing reduced the energy density required for a given resistivity.
Because the energy density was limited to about 300 mJ/cm2 due to film cracking, and in order to
reduce the thermal shock to the surface and interfaces, the substrate temperature was raised to 450'C
for other experiments. However, even at 300 mJ/cm2 the unpassivated GaAs surface remained
stoichiometric as measured by EDXA. All laser annealing was carried out in a vacuum of less than 5
X 10- 1 Torr.

400

RESISTIVITY OF EXCIMER LASER
cc - ANNEALED C-TI.03W1 2SIj0 1m GATES

ON GaAs AT SUBSTRATE TEMPERATURES
OF 200C AND 300 0C100-
20ns SINGLE PULSES, 308nm

0100 200 300
LASER ENERGY DENSITY (mJcm2)

Figure 4. Average resistivity vs Laser Energy Density
of Laser Annealed n-Ti 03W. I2Si.&S I pm Gates

4 J
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Rutherford Backscattering Spectroscopy (RBS) analysis of the laser annealed interfaces was car-
ried out to determine the amount of interdiffusion as a function of laser anneal energy density and
substrate temperature. Figure 5 shows the RBS spectra of a 180 rm thick layered
TiW/Si/TiW/Si .../GaAs film on a commercially available undoped semi-insulating (SI) GaAs wafer
"as deposited" and after two different laser anneals on different areas. The spectra revealed Ga
and/or As outdiflusion into the TixWySiz film and interdiffusion of Si, W and Ti into GaAs. Exami-
nation of the laser annealed surfaces with an optical microscope to 1000 x and by SEM to 20,000 x
has shown smooth and continuous surfaces except at the beginning of laser ablation at sufficiently
high energy density above which films are no longer useful. No defects such as ablated craters with
raised rims that could result in similar RBS spectra were observed. Figure 6 shows a RBS spectra of
a similar laser annealed film, deposited at the same time as the film of Figure 5, but on an In-doped
substrate with reduced dislocation density. Note that compared to the spectra of Figure 5, very little
interdiffusion occurred after a 180 mI/cm2 room temperature anneal while large interdiffusion
occured at 176 ml/cm2 on a typical undoped substrate. Also note that the interdiffusion is about the
same in the two cases after 450C substrate laser anneals but the energy density was 27 mI/cm 2

higher in the case of the In-doped substrate. This result is in agreement with that reported previously
[21 for RTA of TaSi, films and is explained by diffusion dominated by crystalline defects which are
much reduced in In-doped substrates.

The indiffusion of Si, an n-type dopant, into GaAs revealed in Figures 5 and 6 suggests Ohmic
contact might be formed under sufficiently high laser anneal conditions and this was indeed the case.
Ohmic contacts were formed by laser annealing of layered ao-Ta. 13Si.97 (175 rm), a-Ti 07'Wk2Si.8!
(150 nm) and a-Ti.23W.53Si.24 (40 m) on both unactivated and activated ion implanted n-type GaAs.
The lowest specific contact resistance of the laser annealed a-T24W 53Si.23 Ohmic contact was
4 x 10-411cm 2.
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In addition, it was found that shallow implanted layers could be activated under the proper laser
anneal conditions. For example, for the ut-Ta 13Si 7 film on 120 keV, 3.5 X 10 2 cm-2 Si
implanted GaAs, the threshold for activation was 190 mi/cm 2 for a 10 min. 30 pps anneal at a sub-
strate temperature of 4500C. As the energy density was increased the Schottky barrier characteribtics
became softer and Ohmic contact was formed at 260 mJ/cm2.

All Refractory Metal FETs and HEMTs

All-refractory silicide GaAs FETs and HEMTs were fabricated with typically 2000 A thick
laser annealed u-metal silicide gates and 400 A thick Ohmic contacts on MBE grown material. It
was found that 140 mJ/cm2, 5 pulses at a substrate temperature of 450°C was sufficient to obtain the
lowest contact resistance. After Au pads were deposited, the highest transconductance was 40
mS/mm for a 4 gm long gate PET and 72 mS/mm for a 2 pan gate device. I/V characteristics are
shown for the 2 pan gate FET in Figure 7. The lower than expected transconductance values for the
geometry and carrier concentration is attributed to high source resistance which is about 5 0.

Table I compares the transconductance of all refractory metal FETs and HEMTs with devices of
the same Seometry but fabricated with conventional AuGe Ohmic contacts and Al or a-TiWSi gates.
A higher trasductance was actually obtained with the all-refractory, laser annealed PET compared to
the conventional PET with Al gate, but this may be attributed to a lower mobility and carrier concen-
tration in PET 1197. The low transconductance of the alI-refractory HEMT 314 i3 attributed to a
high source resistance. HEMTs 336-B and 336-D with AuGe Ohmic contracts have much lower
source resistance because during sintering or laser annealing of the Ohmic contract the AuGe melts
and alloys [3,4,5] with the GaAs and AlGaAs. Thus spikes of conducting material can penetrate the
10 n= undoped AIGaAs space, layer to form Ohmic contact with the two dimensional electron gas in
the undoped GaAs. With the laser annealed refractory silicide Ohmic contacts no melting occurs and
Ohmic contact is made only to the top N+-GaAs layer. Thus the source resistance is higher because
electrons must tunnel through the 10 nm spacer layer. It should be possible to reduce this resistance
by implanting an N+ Si layer with a range in the center of the space layer, only at the source and
drain contacts. Results of these experiments will be given at a later date.

L0 = 2.0/prn, 72 mS/mm,

Source l-4 Drain 1 xl10 7 cm 3 MBE

Au-A

_ 'DS

ai-TiWSi.
Au 0 DS

Gate Source/Drain Current, IDS, Vs

Source/Drain Voltage, VDS, with

-0.2 V Steps on the Gate (5 mAldiv

vertical, 1 Vldiv horizontal)

Figure 7. All-Refractory Silicide GaAs FET after Excimer Laser Anneal at 140 nJ/cm2 ,
5 Pulses at a Substrate Temperature of 4500 C.
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Table 1. Comparison of Transconductance Per Unit of Gate Width, gm,
of Sintered and Laser Annealed GaAs FETs and HEMTs

Sm Soutce/
Device (mS/mm) Drain Gate

FET 310 72 40 rn TiWSi, LA** 200 un TiWSi, LA

FET 1197 50 AuGe sintered,t Al
N+ InGaAs

HEMT 336-B 57 AuGe sintered 1.0 un TiW/200 nm TiWSi

HEMT 336-D 55 AuGe, LA 10 nm TiW/200 un TiWSi, LA

HEMT 314 2.7 40 mrn, TiWSi, LA 200 nm TiWSi, LA

*Gate length Lg 2.0 pm
**LA-Laser Annealed at substrate temperature of 450*C a
tSintered 1 min at 4500C

Conclusions

Future metallization systems will be required to withstand short duration temperatures of 900°C
(- 10s) and long duration (- 100 h) temperatures of up to 450*C. The present Schottky barrier and
Ohmic contact metallizations, e.g. Al or TiPtAu gates and AuGe/Ni source/drain alloyed contacts, are
sufficient only for the present technology, i.e. for dimensions above 0.5 an and channel temperatures
below 1250C. New metallizations will be required for VLSI and USLI chips of the future and for
millimeter wave devices with source/drain separation less than 0.5 pm. The laser annealed Ohmic
contacts discussed in this paper were developed for this purpose and also have high temperature and
high reliability applications. All refractory metallized GaAs FETs and HEMTs were fabricated to
demonstrate the feasibility of the methods discussed. In the case of the highest speed devices, no
compromises should be made in the use of new metallizations, but new types of metallizations will be
required to reach the desired performance. However, in the case of high temperature and high relia-
bility applications, trade-offs may have to be made with performance.
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Abstract
Substantial improvements in excimer laser planarization processes are observed with substrate heating.
Cavities, associated with filling of high aspect ratio vias at low substrate temperature, can be eliminated by
substrate heating. Damage associated with pulse overlap regions can be temperature sensitive, and is re-
duced as substrate temperatures arejncreased. While required fluences for planarization and sample dam-
age both decrease as the sample temperature increases, the relative insensitivity of the damage threshold
generally results in larger process windows at higher temperatures. We also report model calculations of the
effect of substrate heating on sample temperature distributions and the durations of the laser driven melts.

Introduction

An especially simple and attractive technique for planarizing metal layers and efficiently filling intedevel
vias was first reported by Tuckerman et_.j [ 1]. Briefly, following the deposition of a metal layer by a standard
technique, the metal layer is melted momentarily by irradiating the surface with a short laser pulse. While
molten, the high surface tension of the liquid metal, given its relatively low viscosity, drives the metal to
rapidly seek a planar surface. Mukai etal. [2] first reported auxiliary substrate heating during excimer laser
planarization, and demonstrated substantial improvements in the process. In particular, auxiliary substrate
heating was required to effectively fill high aspect ratio structures with typical excimer laser pulses. Here,
we descabe other improvements in excimer laser planafization processes due to substrate heating: reduction
of defects in pulse overlap regions, and enlarged process windows. We also consider the extent to which
substrate heating may affect temperature distributions produced by the laser.

Experimental
The 248 nm, 25 ns FWHM output of an excimer laser was used in these experiments. A laterally uniform

(variations of 7 % or less ) portion of the beam was imaged onto the wafers at a magnification of 1/7 with
a single lens. Maximum fluer - - of 10 J/cm2 over .09 mm2 were obtained at the wafer surface. Reduced
fluences were obtained by wiserting partial reflectors in the beam path. The wafers were clamped to a
thermal coaxial cable heated copper block in a vacuum (10*s toff) chamber which was mounted on a com-
puter controlled xy table. Finite element model calculations [3] included temperature dependent thermal
conductivities, heat capacities, densities, and reflectivity.

Results
Ideally, an entire semiconductor wafer, or at least an entire die would be orocessed with a single laser

pulse. However, even with the use of absorption enhancing overlayers, ( aluminum reflects more than 90%
of the incident 248 nm light at room temperature ) and a several J/pulse laser, single pulse processing of
entire die approaching 1 cm 2 is unlikely. Stitching together of individually irradiated areas is required for
practical processing.

Figure 1 shows the result of a single isolatea planarizing laser pulse within an array in a multi(metal)
level sample. The vias completely within the irradiated area are well planarized. The vias positioned at the
edge of the irradiated zon are not pianarized. In fact, it appears as if metal has receded out of the edge vias
toward the bulk of the irradiated zone during the cooling process. Overlapping subsequent pulses over the
edge vias is nominally expected to result in a completely planarized surface. Typical results obtained by
overlapping pulses by roughly 10 Am with the sample maintained at room temperature are shown in figure
2a. With the particular beam profile used in this work. the molten zone from a single laser pulse is very
sharply defined and clearly visible in the final overlapped pattern. While most of the vias initially unfilled
at edges are filled by the subsequent overlapping pulse, damage at several edge vias in the pulse overlap
region is obvious. Figure 2b shows a typical region of an array irradiated identically, but at 2000 C. While
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Figure 1. Nomarski view of single isolated planarizing pulse.

Figure 2. Nomarski views of stitching at a) 25 0 C b) 200 0 C.

the results of single isolated pulses appear very similar, adequate filling of edge vias in pulse overlap areas
is much more likely at the elevated temperature. The number of vias left unfilled or damaged at 200 0 C is
roughly a factor of 10 less than that left unfilled or damaged at room temperature.

Generally, manufacturing processes are easier to control if they are relatively insensitive to variations in
processing conditions (large process windows). Demonstrating the viability of laser planarization for man-
ufacturing requires demonstrating, among other things, that reasonable process windows exist under realistic
manufacturing circumstances. Several recent experiments and model calculations have studied the process
windows associated with excimer and dye laser planarization of square wave test structures [4-6]. These
studies have shown that relative to dye laser induced melting, the process windows associated with excimer
laser melting are rather small. Moreover, damage upon multiple pulse irradiation and evaporative recoil ef-
fects, leading to pattern amplification, were reported for excimer laser melting. The differences between the
excihmer and dye laser results have been attributed mainly to the difference in pulse duration. More recently,
small process windows, on the order of 5 %, have been reported for the planarization of 0.5 Am thick Al
0.5 % Cu over 1.,m diameter vias [7].

In order to characterize the process windows associated with structures actually simulating the fabri-
cation of an integrated circuit, one specific area of a multi-level test pattern, containing a variety ( from 2.
to 6. pm, as drawn) of via sizes in close proximity was irradiated with laser fluences ( at the wafer's surface)
from 0.9 to 3.9 i/cm2 with the wafer held at 30 * C and again with the wafer held at 400 0 C (8]. All the
vias in the irradiated areas contacted first metal lines. The first metal lines had a variety of shapes and areas
of between 200 and 400 pm2. The laser spot size was large enough to irradiate all the different sizes of vias
in the pattern with a single pulse.

SEM views of the test structure before and after laser irradiation with several different fluences at 30 o
C are shown in figure 3. None of the features shown were effectively planarized by fluences below 2.5
J/cm2 . With 2.6 I/cm2, figure 3b, all of the 2. pm vias are planarized. Some of the 2.5 um vias have been
planarized, but there is little planarization of any larger vias. As the fluence is increased to 2.9 J/cm2, figure
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(e)()

()(d)

Figure 3. SEM views of the test structure a) as received and irradiated with b) 2.6 c) 2.9 and d) 3.2 J/cm2

at 30 0 C.

3c, the 2., 2.5, and 3. Am vias are all effectively planarized, and the 6. Am vias have nearly filled, but there
is still little planarization of the 4. pm vias. Additionally, Nomarski views start to show the structures asso-
ciated with complete melting of the Al layer and highly directional cooling through the vias to the underlying
layers. With a fluence of 3.2 J/cm2, figure 3d, the 6. 1.m vias have been completely planarized, but the filling
of the 4. pm vias, while substantial, is not complete. Upon raising the fluence to 3.5 J/cm2, the sample is
damaged. The damage is most obvious over the group of 2. and 2.5 Am vias. Most of the aluminum ori-
ginally deposited over this area has either receded beyond the perimeter of the group of 2. and 2.5 pm vias
while molten, or been ablated, and while a thin layer of aluminum still covers the oxide between the vias,
there is little aluminum in the individual vias themselves. Aluminum has also been removed from several of
the larger vias.

While overall the fluences required for planarization are lower at 400 0 C, the fluence required for
planarization of a via still clearly increases as the via size increases. At 400 0 C, the test structure is dam-
aged with 3.2 J/cm2. The damaged areas at 400 0 C are centered over the largest, 6. pm vias, individually,
rather than the group of smallest vias as they were for room temperature irradiation. The nature of the
damage at 400 0 C is also different than that at room temperature, consisting of near complete removal or
ablation of the aluminum from areas roughly 40 am in diameter, centered on the 6. pm vias.

Figure 4 shows the minimum laser fluence required to fill all the vias of a given size in the test structure
as a function of size for 30 and 400 0 C processing. ( No data point is shown for planarization of the 4.
Am vias at room temperature, as complete planarization was not observed, although a detailed study with
fluences between 3.2 J/cm2 and 3.5 J/cm2 may have revealed complete planarization.)

From a purely scientific point of view, one might define the operating process window for planarization
of a given size of via as the difference between the minimum fluence required for planarization and the
minimum fluence causing damage to that size via. Given the experimental difficulty of identifying the
damage threshold for each size via in this test structure, and possibly from a more practical point of view,
here, we define the process window for planarization of a given size of via in terms of the minimum required
for planarization of that size via and the minimum causing damage to any part of the test structure. These
allowed fluence variations, or process windows, depend dramatically on both via size and temperature. At
both temperatures, the absolute process window decreases as the via size increases. Given the concomitant
increase in minimum fluence to planarize, the process window, as a fraction of the minimum fluence to
planarize. decreases dramatically as the via size increases. Allowed variations ( expressed as fractions of the
minimum fluence to planarize ) drop from near 50 % for 2. pm vias to less than 10 % for 6. pm vias at 400
o C, and overall are generally about a factor of two larger at 400 0 than at 30 * C. Compared to the mini-
mum fluences required to planarize features, especially the smaller vias, the minimum fluence required to
damage the sample is relatively insensitive to changes in the sample temperature. As the sample temperature
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Figure 4. Minimum laser fluences required to planarize all vias of a given size in the test structure as a
function of size at 30 and 400 ' C.

is increased, the process window for a given size of via, again as a fraction of the minimum fluence to
planarize, increases dramatically for the smallest vias, though there is apparently little effect on the window
for the largest vias.

The temporally short pulses used in the laser planarization process effectively confine significant heating
to upper interconnect layers, insuring the survivability of underlying active devices, [2,9] and produce only
brief temperature transients in those uppermost layers, minimizing possible interlayer reactions. However,
due to diminished overall temperature gradients through the substrate, and the significant decrease in the
thermal conductivity of silicon with temperature, auxiliary substrate heating will conceivably both increase
peak temperatures experienced by individual layers and increase exposure times of a particular layer to any
given elevated temperature.

The most thermally sensitive application of the planarization process may be planari~ing Al used as the
(Si ) contact metallurgy. Finite element model calculations have been used to illustrate the magnitude of
these effects in this case. The calculations shown below considered a structure of various thicknesses of Al
directly on Si ( blanket layers ) as a possible worst case scenario. For each At thickness, the heat necessary
to melt the top 1.5 m of Al was introduced in a 25 ns wide square pulse.

Figure 5a shows the calculated exposure times of the Si surface to temperatures over 400, 350, and 300
0 C with the substrate maintained at room temperature. The silicon surface is exposed to temperatures
above 400 0 C for times only on the order of 100 ns, and is not exposed to any temperatures above 300 0

C for times longer than I ps in any case. As the aluminum thickness increases, and we consider melting only
the top 1.5 m, the length of time the silicon surface is exposed to any given temperature decreases, as ex-
pected.

Figure 5b shows the calculated exposure times of the Si surface to temperatures over 450 and 400 0 C
with the substrate maintained at 350 0 C. These times are much longer than those with the substrate at room
temperature due to reduced overall temperature gradients through the sample and the significant decreases
in silicon's thermal conductivity with temperature. While the silicon surface's exposure to temperatures
above 400 0 C is on the order of 100 times longer than that with the substrate at room temperature, the
typical exposure is still only roughly 10 ps, in absolute terms, clearly an acceptably short exposure.

With the substrate held at 350 * C, the exposure times are relatively insensitive to the total aluminum
thickness, but show a small increase with thickness up to 3 pm and then decrease slowly. As a function of
Al thickness, the length of time the Si surface is exposed to a given temperature reflects a competcition bc-
tween the additional energy required to melt the top 1.5 um of Al as the thickness increases ( tending to
increase times the Si is exposed to a given temperature ), and the insulation of the Si by thicker unmelted

4Al ( tending to decrease exposure times ). As the substrate temperature increases to 350 0 C, the thermal
conductivity and diffusivity of silicon drop rapidly from values comparable to that of aluminum to roughly

A -
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Figure 5. Calculated silicon surface exposures to temperatures above a) 300 (solid), 350 (dot), 400 (dash)
0 C, substrate at room temperature, b) 400 (sohd), 450 (dot) 0 C, substrate at 350 o C.

1/3 of the aluminum values. The large change in the thermal properties of the Si dramatically alter the net
result of the competition. There is little insulation of the Si by the unmelted portion of relatively thin Al
layers. Due to the low thermal conductivity of Si at 350 * C, the extra heat necessary to melt the Al as the
Al thickness increases accumulates at the Si interface, producing somewhat longer exposvre times. Ulti-
mately, tie Al thickness becomes great enough to effectively insulate the Si, and exposure times decrease.
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ABSTRACT

Polysiloxane layers were deposited from the gas phase by
photoinduced polymerization reaction of tetraethylorthosilicate (TEOS) and
02/N20. The deposition kinetics can be described by a gas phase
polymerization and the subsequent condensation of the siloxane molecules. As
UV light sources an ArF excimer laser (193 nm) and a 185/253 nm low pressure
Hg-discharge lamp were used, the polysiloxane deposition rates are 2000
A/min or 1200 A/mln respectively. In a second thermal or combined thermal/
photoinduced process step the as deposited siloxane layers are transformed
by hydrolysis and condensation reactions to pure S10 2. The composition of the
as deposited and transformed polysiloxane layers were Investigated by FTIR
spectroscopy. Typical examples of the step coverage and planarizing
properties of the S10 2 layers for the use as Interlevel dielectrics are
presented.

INTRODUCTION

Deposition of S02 from tetraethylorthosilicate (TEOS) by LPCVD [1,
21 and recently also by PECVD [31 has become very convenient as interlevel
dielectrics because of the better step coverage of the films than
correspcnding films deposited from silane. For low temperature
planarization (< 4000C) S10 2 layers multistep processing schemes such as
deposit-etch-deposit by alternating plasma and thermal CVD are necessary to
obtain the desired planarized profiles [4]. Process flows are then more

-complex and throughput is reduced.
In this paper we studied photoinduced polymerization reactions of

TEOS in order to deposit polyslloxane layers with suitable viscosities and
layer thicknesses. Dependent on the topological properties of the IC surface
the viscosity and the film thickness can be controlled by the deposition
parameters, so that different planarizing properties (step angle, step
coverage) can be adjusted. In a second process step the polysiloxane layers
are then transformed In a thermal or combined thermal/photolytical treatment
to SiO2 . This photoinduced deposition technique for polysiloxane layers
shows distinct advantages compared to the known interlevel dielectric
planarization techniques by the so-called spin-on-glasses [5] or other
reflow techniques using boron/phosphorus doped sllIcate glasses.

EXPERIMENTAL

Photo-CVD of poIysIloxanes

The experimental set-up Is shown In fig. 1. It consists of an ArF
*exciter laser (Lambda, MSC 201) with an Intelligent laser control unit for

constant energy output. A dielectric energy attenuator (Laser Optic) was
usod In order to adjust the laser energy from nearly zero to 60% of the
incident energy, the variation of the pulse energy by varying the discharge
voltage would simultaneously alter the intensity profile. A typical inte-
grated pulse energy output was 250 mJ at 1 Hz with a pulse duration of 17 ns.

Mat. Res. Soc. Symp. Proc. Vol. 158. 0190 Materials Research Society
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Fig. 1 Experim ..al set-up for polyslloxane deposition with ArF excimer
laser radiation (193 nm).

The beam cross section was 10 x 25 mm2 at li/e Intensity, and we schieved
constant Intensity to an accuracy of t2.5% over an area of 8 x 21 mm , which
was verified by Intensity measurements. The laser beam was up-collimated (T

80 %) and hits the substrata perpendicularly. The location of laser
exposure within an 4 x 4 Inch' area can be selected via the xy stage
consisting of two movable dielectric mirrors (Rfot - 90 %). The silicon wafer
(max. 4 Inch diameter) can be heated up to 4000C. In order to avoid
condensation of TEOS Inslae the reaction chamber, the chamber Itself was
heated to roughly 100°C. The TEOS gas was brought Into the reaction chamber
by the 02/N20 carrier gas. The overall pressure and the 02/N20 flux was
establishedby the usual methods. The laser energy was monitored above the
quartz window with a pyroelectric detector (Gen Tec).

Experimental conditions of the photolytical deposition experiments of
polysiloxanes are summarized In table 1. The oxygen flow and the pulse
repetition rate were held constant at 100 sccm and 10 Hz, respectively. For the
actual TEOS concentration In the reaction chamber we supposed that the carrier
gas Is saturated with the vapor pressure of pure TEOS at a temperature of 700C.

Table 1: Experimental deposition parameters

N20/02 pressure 305 - 705 mbar

Gas flow 100 sccm

TEOS pressure (700C) 40 mbar

Substrate temperature 50 - 1000C

TewperatLre of reaction gases 10°C

Laser energy density per pulse 10 - 130 m3/cm2

Laser pulse rate 10 Hz

4+
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Fig. 2: Dependence of the deposition rate of polysiloxanes and S10 2 on the Si
substrate temperature other parameters are given in table 1,

Dependent on the substrate temperature we found a characteristic
behaviour in the deposition rates (see fig. 2). At lower temperatures
polysiloxane layers can be deposited with high deposition rates; at substrate
temperatures higher than 150 - 2000C pure SiO 2 layers are formed. The
details of the deposition conditions and physical and electrical properties
of the laser deposited S1O 2 layers are given In a previous paper [6].

The deposition of polysiloxane layers can be described by a photo-
polymerization reaction of TEOS molecules in the gas phase and the subsequent
condensation of polymerized siloxane at the substrate surface. For the system
02/TEOS the following gas phase reactions occur.

(1) 02 + hv(< 200nm) _ 20 (3P)

0( 3 p) + 02 ., 03

The photolytical ly produced atomic oxygen or ozone reacts with the ethyl
group of the TEOS molecule forming a
F Si - O-Siz bond.

(2) E Si - 0- C2H5 + O + 003

- SI - O-Si E iH 20+C-H-0 compounds

Furthermore, the produced H20 from reaction (2) may form a silanol group in a
hydrolysis reaction.
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(3) SI-0-C 2 H5 +H20 ESI-OH+C 2H50H

The deposition of polymerized layers Is observed especially at low
substrate temperatures In the range of of 60-900C (see Fig. 2). The as
deposited layers were analysed by FTIR-spectroscopy (Perkin Elmer, Mod. 1700).
Typical IR absoptlon spectra are shown in Fig. 3. The stetching mode of C-H
ondsat3000cm- and the absorption at 950 cm- and 800 cm-L due to S1-0-C bonds
were used todetermIne thechemIcal na ure of the Iay rs. The stretching modos of
the O-H bonds and SI-OH at 3500 cm- and 940 cm- can also be used for the
characterIsation of the layer composition. The chemical composition of the
polysiloxane layers can be described by the formula

SI [02x(OH)4y (0 C2 H5 )4z

The composition of the polysiloxane layers Is strongly dependent on the
deposition parameters. The investigated parameters are given In table 1. In
our deposition experiments the sl loxane layers could be characterized by y -0.5
to 0.65 and z- 0.1 to 0.4 with x + y + z -1.

%T10 4=

I s jo2x (oH)4, (OC2 Hs)4zj

S4000 3000 2000 1500 1000 360

t Flg. 3: Typical FTIR spectra of polysiloxane layers with different content of

the functional groups: low CH (z = 0) and low OH (y - 0) In comparisonwith pure S.2 (x-1).

Transformation of polysiloxane layers to S102

The transformation of the plysiloxane layers to SlO2 is achieved in
a two step process sequence, hydrolysis and condensation-reaction. The
hydrolysis is described already in equ. (3). In this reaction theH0
molecule attacks the SI-O bond and an ethanol molecule is formed /7/. The
residual OH group Is attached to the Si atom. The condensation reaction4occurs in the following manner,:_

i

• m mI
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(4) - Si - OH + HO- St - H20 += SI -0 - Si

Here two neighbouring OH groups In the SiO 2 network react by forming
a H2O molecule and a SI-O-SI bond. The hydrolysis (activation energy 6.0
kcal/mol) already proceeds in the temperature region of 20 to 4000C, whereas
the condensation (activation energy 12 kal/mol) typically occurs at
appreciable higher temperatures from 350 up to 8000C, so that only a small
overlap In the temperature regions for both reactions exists.

The hydrolysis reaction was also investigated by FTIR spectroscopy.
A typical experimental run of isochronal curing is shown in fig. 4. We also
studied the UV activated or UV supported curing of polysiloxane layers [8].
In these experiments a low pressure mercury grid lamp (Fa. BHK type
9660-Q2) was used, the integral intensity at 254 and 185 mm was roughly 20
mW/cm'. The UV activated curing experiments were performed in-line in the
deposition chamber after the deposition process.

. PSL TEV IN N2 1
200 0C - 700 0C

4000 3000 2000 1500 1000 cm'

Fig. 4s FTIR spectra of isochronal curing of a polysiloxane layer (500 nm) In
N2 with At - 20 min and AT - 500C.

RESULTS AND DISCUSSION

For an application of this fabrication technique of S1 2 for
planarization layers as Interlevel dielectrics the flow properties of the as
deposited polyslioxane layers are essential. In fig. 5 the film profile of an
already tempered polysiloxane layer deposited on a structured poly-SI
layer with vertical etch profiles, is depicted. It shows the good step
coverage over sharp, rectangular edges and the flattening of the steep
flanks.



278

Fig. 5: Cured polysiloxane layer on a structured poly-Si layer of 0.5 im
thickness on top of an oxidized Sl wafer.

a)

b) M 2 33 2 ..S

Fig. 6: Local planarization of a 1.5 gm trench formed by a S10 2 layer (a) and
the planarized trench after photoinduced deposition of a thin
(0.1 urm) polysiloxane layer and thermal curing to S102 (b).
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A further example for the excellent local planarization properties
of a transformed polyslloxane layer Is depicted In fig. 6a and b. In these
samples a structured poly-Si surface was first covered with a 0.5 Am thick
S10 2 layer by PECVD (fig. 6a). Afterwards, a 0.1 gm thick polysiloxane
layer was deposited by Photo-CVD. As can be seen in fig. 6b, a local
planarizatlon of 70% can be achieved.

Compared to other planarlzation techniques our new photoinduced
planarization technique features two main advantages:
1) The photoinduced polysiloxane deposition Is carried out at low substrate

temperatures (below 1000C), compatible with mulitlevel Aluminium IC
metallIzatIon and

2) the film properties (composition, viscosity, etc.) can be adjusted in a
wide range by changing the deposition parameters, so that also the local
and global planarizatlon properties can be adjusted.

Work Is in progress to adapt this photolytical process sheme In a improved
deposition chamber attached to a modular multichamber processing system.
Furthermore we believe that this new low temperature planarizatlon technique
will substitute the conventional high temperature reflow techniques of
boron/phosphorous doped silicate glasses.
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ABSTRACT

Chemical doping of single-crystal silicon in a PF5 atmosphere is performed by irradiation with an
ArF excimer laser w oing at 193 nm. We have Investigated the dependence of doping parameters such
as the number of pulses and PF5 gas pressure on the sheet resistance and the impunty concentration
profiles. From these results, it is found that phosphorus atoms are produced by pyrolysis of PF5
molecules adsor, d (chemisorbed at low pressure and physisorbed at pressure higher than 1 Tor) on
the silicon surface. As for the incorporation mechanism, it Is shown that the process is external rate
limited for doping in PF5 ambient whereas mainly diffusion limited for doping using only the chemisorbed
layer.

INTRODUCTION

With the advent of very large scale integration, more restrictive requirement are placed on the
heavily doped and shallow junctions used for source-drain contacts in metal-oxide-semironductor
devices. With conventional ion implantation techniques and thermal annealing, it is difficult to form such
a shallow junction, particularly a p+ shallow junctio, because of the inherent boron channeling tail. To
overcome this problem, many alternative laser-doping tech.jques have been developed [1-61. The more
attractive of them is the Gas Immersion Laser Doping (GILD) process. This technique employs a pulsed
laser to melt a controlled thickness of a silicon slice placed in a dopant vapour atmosphere and to
photodissociate the dopant molecules. This photodecomposition gives rise to two sources for dopant
atoms. The first one results from the dissociation by pyrolysis and photolysis of the adsorbed molecules
on the sample surface. The second source is due to the dissociation by pyrolysis of the molecules
impinging on the molten surface and by photolysis of the molecules in the gas phase. When the photon
energy is not sufficient to induce the photolysis of the dopant molecule, the dissociation takes place only
by pyrolysis. The dopant atoms resulting from the dissociation are partly incorporated into the molten
layer where they are redistributed by a liquid phase diffusion before recrystallization. Since virgin silicon
has a large absorption coefficient in the ultraviolet region, the use of excimer laser gives an advantage
in forming very shallow junctions.

Many authors have reported the formation of shallow p+ or n+ junctions with excimer lasers by
irradiating silicon immersed in various doping gas atmospheres containing boron or phosphorus,
respectively [1,2,7-19]. However, few works have been done on the study of the mechanism of excimer
laser doping. Recently, we investigated the incorporation of boron in silicon by irradiation with ArF or
XeCI excimer lasers, using SC13 or BF3 as doping gases [13, 14, 19]. Kato et al. [17] performed the
doping using POCI 3 and an ArF excimer laser. Correra et al. 1161 reported the fabrication of a
phosphorus doped junction by irradiating silicon immersed in PCI 3 with a XeCI excimer laser. They
showed that the process is flux limited and that the dopant source lies the large quantity of adsorbate
formed on the silicon surface. However, the dependence of sheet resistances and the doping profiles on
doping conditions was not investigated in detail.

In this work, we report the results of silicon doping by ArF excimer laser irradiation in PF5
atmosphere. PF5 has already been used as doping gas in the molecular implantation technique [20] but
not yet, to our knowledge, in the laser doping process. The influence of the irradiation parameters
(number of pulses and gas pressure) on the incorporation rate , studied.

EXPERIMENT

High resistvity p-type silicon samples <100> oriented were used. The samples were chem!cally
cleaned with a HF-dip and a demonized H20 rinse and Immediatty set at 6.4 cm fror.the quartz window

Zin a stainless-steel chamber. The chamber was previously evacuated to 2 x 1 Q. Torr,,purged and
evacuated again before filling with the dopant gas PF5. Pressures between 10- and 10, Torr were
examined.

Mat. Res. Soc. Symp. Proc. Vol IS. 019O Materials Research Society
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The samples were irradiated using a pulsed ArF excimer laser (X = 193 nm) with a pulsed
duration of 21 ns. The typical spatial beam uniformity was 2 %rms over the central area of the beam 4
which was delimd by mean of apertures. The 6 x 20 mm output laser was then focuse to a beam
size of 3 x 7 mm on the sample surface. The laser energy density was fixed at 0.75 J/cmz, value well
above the melting threshold of crystalline silicon [21]. The laser was operated at 2 Hz throughout this
work.

The absorption characteristics of PF5 gas at 193 nm was estimated by measuring the
transmission of the gas enclosed in a cylindrical quartz cell of 3 cm path length using the ArF laser as a 2N
light source. The transmitted intensity of UV light was measured by a pyroelectric joulemeter.

The sheet resistance of the doped layers was measured using the four-point probe method, the
values being corrected for the finite size of the doped area 1221. The phosphorus concentration profiles
were obtained by Secondary Ion Mass Spectroscopy (SIMS.

RESULTS AND DISCUSSION

At 193 nm, PJ5 has no measurable absorption even at a pressure of 100 Torr and laser fluences
higher than 1 J/cm. Consequently, PF5 is transparent at 193 nm and no photochemical effects occur
in the gas phase. Thus, the phosphorus dopant atoms are mainly produced by pyrolitic decomposition of
the PF5 molecules at the gas-silicon interface.

Laser doing parameters

The dependence of the sheet resistance on the number of pulses and gas pressure is shown in Fig.
1. Curve (a) shows the doping results using an adsorbed layer, and curves (b), (c) and (d) correspond
to doping in 1, 10 and 50 Torr PF5 ambients, respectively. In the case of (al, pnor to laser irradiation,
the chamber was initially filled with 50Torr PF5 and pumped down to 10" Torr. Consequently, the
dopant atoms are mainly supplied by molecules adsorbed strongly on the silicon surface. The curves in
Fig. 1 are quite similar.
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Fig. 2 Total dose of intcorp~ted phosohorus
after 20 pulses at 0.75 J/cm as a i ,action of
the PF5 pressure. The number of molecules

0 so too to zoo impinging on the silicon surface Ni during the Y
MolIf OP PuLsts 20 laser pulses is also reported (dased lines)

Fig. 1: Sheet resistance as a function of th, versus the pressure.
number of pulses after doping at 0.75 J/cmin
1, 10 and 50 Torr PF5 ambients and using an
absorbed layers.

After the first shot, the sheet resistance strongly decreases frem the substrato value and
continups to decrease with the number of pulses to reach values as low as 10 =2/J after 200 shots in
50 Torr PF5. The decrease of the sheet resistance wit. repetitive laser irradiation is caused by the
incorporation and subsequent activation of phosphorus atoms produced by the pvrolitic decomposition of
PF5 molecules at the surface during the melting. These dopant atoms car be supplied from two
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sources the impinging gas molecules and a large quantity of adsorbate. The first source relies on acontinuous flux Nim p of gas molecules impinging upon the molten surface. This flux depends linearly on
pressure. The second source relies on formation of a layer of adsorbate before melting. The pressure
dpndence of the sheet resistance shown in Fig. 1 can be attributed to the increase of the number of

5moecues striking the molten surface as well as to the fact that the thickness of the adsorbed~~layers grows rapidly with pressure in agreement with PF5 adsorpion isotherm.

In order to get more information about the dominant dopnt supply in this process, the dependence
of the incorporated dose I on the PF5 pressure p was investigated by irraditing c-Si samples at a
fixed fluence with 20 shots A first se of sres was irradiated using the following procedure : the,reaction chamber was pumped down to 2 x !00 Torr and the required final pressure was then reached
by introducing a controlled amount of PF5 gas. In the second set, this procedure was reversed so thatthe ressures were decreasing towards 10" Torr. The results are displayed on Fig. 2. Both procedures
give rise to the same relationship between I and p.

Two different pressure ranges can be distinguished. At pressures lower than about 0.5 Torr, the
incorporation is constant. The quantity of molecules striking the silicon surface during the 20 laser
pulses gives a negligible contribution to tho incorporation mechanism in this pressure range. Theseresults provide evidence that-the dopant atoms are mainly supplied by a layer of strongly bounded
chemisorbed molecules which does remain after thecell Is evacuated. This layer has been evaluated tobe at least of about 3 x 1014 F, molecles/cm. The value Is close than the calculated surface
density for a monolayer of PF5(- 19 x 1014 moycm2).

In the high pressure range, the increase of I as a function of p seems to follow a logarithmic law.
As a matter of fact, by changing the pressure by two orders of magnjtde frgm 1 to 100 Torr, the
incorporated dose after 20 shots varies from about 5 x 1014 to 2.5 x 101 P/cm. The deviation of the
experimental data from the dashed curve indicates that the pyrolysis of molecules crossing the hot
surface gives a negligible dopant supply. These trends and the reversibility of the process, evidenced by
the same behaviour of I versus p for the two sets of samples, suggest that pyrolysis of one or more
weakly bounded physisorbed layers formed on the silicon surface is the dominant dopant supply process.This result was also found in previous studies of phosphorus 1161 and boron [14] doping by a XeCIexcimer laser using PCI 3 and BCI3, respectively.
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Fig. 3: Phosphorus concentration profiles by SIMS measuremnits for samples uoped (a) in 10 Torr PF5
and (b) using an adsorbed PF5 layer.

Figures 3(a) and 3(b) show profiles of incorpoiated phosphorus for samples doped in a 10 TorrPF5 ambient and using th, PF5 adsorbod layer (10" Torr), respectively. The profiles were obtained at
afixed fluence (0.75 1cm ) with the number of laser pulses as a parameter. A comparison of profiles
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determined at different positions of the 3 x 7 mm2 doped area has shown that the uniformity in the
junction depth and the surface concentration is better than 10 %. The shape of the profiles can be
explained by the very fast diffusion of the dopant atoms in molten silicon 119]. The diffusion coefficient
Dededuced from the profile of Fig, 3(a) for one plse, approximated by the complementary error
function is estimated to be in the range of 2.5 x 10 cm This value of Deagrees well with earlier
published data [23. Due to this fast diffusion of the dopant into the molten layer, square shaped profiles
are obtained within a few pulses (20 shots). Under our experimental conditions, the melt depth is
estimated to be about 100 nm (24], in good agreement with the junction depth deduced from the profile
for 20 pulses. Figure 3(a) shows that the junction depth did not vary with the number of pulses (N > 20
pulses). However, the surface concentration increases with N. This last feature was also found in a
previous study of boron doping using BF3 [17, 191 or BC13 113, 14] as doping gas and ArF or XeC
lasers for the irradiation.

As for the PF5 adsorbed layer doping case, it can be observed from Fig. 3(W) that ,he surface
concentration j nearly constant with the number of pulses N. It varies from 101 at/cm4 after one
shot to 3 x 10 aVcm 3 after 200 shots. The junction depth increases with N to reach the expected
molten dleh aftr 100 pulses. The incorporated dose for the sample exposed to 200 pulses is of about
5.6 x 101 p/cm, which is slightly higher than the calculated surface density for a monolayer of PF5.
This result means that a new adsorbed layer is partially formed on the silicon surface between pulses.
Another important feature is that the surface concentration saturates earlier in the case of adsorbed
layer doping than in the ambient doping case.

The total doses of phosphorus, which are obtained by integrating the profiles as shown in
Figs. 3(a) and 3(b) are reported in Fig. 4 as a function of the total melting time tm. The relationship
tm N.tf is used, where tf is the melting time per pulse. The silicon melt time tf is deduced from the plot
of computed melted depth versus melt time as given by heat flow calculation (24]. The curves show a
t: dependence, where a is 0.75 and 0.5 for doping in PF5 ambient and using the adsorbed layer,
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The process of incorporation and transport of the doping species in the molten silicon can be
studied by solving the one-dimensionai diffusion equabon [25):
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where C = C(x, t) is the dopant concentration and D is the diffusion coefficient. Oth the other hand,
the total incorporation I can be exoressed as a function of the total melting time and the flux F of
mo;ecules crossing the liquid surface as:

I = F.dt f D,. 'C .dt (2)

The incorporation rate depends both on the diffusivity into the melt (DR) and on the dopant supply at

the silicon-ambient-interface cI x)

The SIMS profiles displayed in Fig. 3(b) for samples doped using the PF5 adsorbed layer have
shown that the surface concentration Cs is nearly constant with N, and hence with tm .This behaviour
suggests that the surface concentration In the silicon is in equilibrium with the partial pressure of dopant
atoms at the gas-silicon interface. Then, there is no resistance to the transport of phosphorus atoms
from the adsorbed layer to the surface. The doping is therefore performed under the *constant surface
concentration" condition [25]. The diffusion equation must be solved using the boundary condition:

C(O, t) = CS  (3)

The solution satisfying eq. (1) as well as the above condition is the complementary error function. The
incorporated dose using eq. (2) is then given by:

1(tm) = 2C. (Detm/lr)" 2  (4)

The curve displayed in Fig 4 (?shed lines) has been computed using eq. (4) where Cs = 1.5 x 1019
at/cme and D = 2.5 x 1014 cm /s. A satisfactory agreement with the experimental data is observed.
This result means that the diffusion model is suitable to describe the doping process from the PF5
adsorbed layer. It also indicates that the incorporation is limited by the diffusion of the phosphorus
atoms. In this case, the dopant source supp!ied by the oyrolitic dissociation of PF5 molecules at the
gas-silicon interface can be considered about infinite. This behaviour is markedly different than that
obtained for doping using BF3 adsorbed layer for which the process is rather limited by the quantity of
dopant supplied by the pyrolisis of BFa molecules [19].

During doping in PF5 ambient we have found from Fig. 3(a) that the surface concentration
increases with ti.On the other hand, the incorporated dose depends on t*" s5 . Thus, a deviation from
the simple diffuon theory as described by eq. (4) is observed. We speculate that an external limitation
to the rate of transport of the impurities influences the diffusion process. Indeed, it is known that in the
initial step of predeposition in solid-state diffusion, surface concentration increases with diffusion time
because the surface concentration cannot jump from zero to its final constante value instantaneously
[25]. In this case, the rate limitation of the diffusion is the transport of dopant atoms from a diffusion
source to silicon surface. Thus, we must now replace the boundary condition given by eq. (3), that of a
constant surface concentration, with the condition [25]:

D e h[C",l'C(O'tm)] (5)

O',tm

where Cso is the maximL a solubility limit of phosphorus in the melt [26]. The [Csol -C(O, tm)] term
limits the dopant incorporation up to the solubility limit. h denotes the gas-phase mass transfer
coefficient and controls both the dopant supply and the incorpor.ation efficiency of the surface. In this
case, using the equations (1), (2), and (5), the incorporated dose is expected to follow a t: where a is
in range 0.5 to 1 depending on the values of h, tm and Ds This result is consistent with our experimental
data where a = 0.75. We can suggest that the diffusion mechanism of dopant atoms is limited by the
rate of transport of phosphorus atoms from the physisorbed layers to the silicon surface. Similar



results have been found for doping in BC13 gas with an ArF excimer laser [2,14].

CONCLUSION

We have shown that multipulse ArF excimer laser irradiation of silicon immersed in a PF5 gas
atmosphere allows to control both the sheet resistance and the concentration profile. The evolution of4
the incorporated phosphorus dose with PF5 gas pressure shows that at pressure lower than 0.5 Tort
the incorporation is caused by the presence of a strongly bounded chemisorbed layer, whereas at high
pressure the supply may be due to the successive formation of weakly bounded physisorbed layers on
the silicon surface.

As for the doping mechanism, the experimental data indicate that the process is external rate
limited for doping in PF5 ambient and mainly diffusion limited when using only the chemisorbed layer.

This work was funded by the Contre National d'Etudes des Tdldcommunications (CNET) and by the
Agence Ftra ase pour Is Malte de I'Energie (AFUE).
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THE INTERACTION OF LASER GENERATED METHYL
RADICALS WITH Cd, Te, AND CdTe SURFACES

J.J. Zinck, G.L. Olson, P.D. Brewer, and J.E. Jensen
Hughes Research Laboratories, Malibu, CA
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The mechanism of the interaction of methyl radicals with Cd, Te, and CdTe surfaces has been
studied in ultrahigh vacuum by Auger electron spectroscopy and thermal desorption mass
spectrometry. Methyl radicals generated by the laser photodissociation of acetone at 193 nm
efficiently etch both Te and Te-rich CdTe surfaces.-However, there is no evidence for reaction of

.i mthyl radicals with Cd or stoichiometric CdTe. A temperature dependence in the rate of meth),
radical etching of Te-rich CdTe is related to a competition between acetone scavanging of radicals
on the surface and reaction of radicals to form volatile metalorganics. Acetone itself has a small
but finite reaction probability with Te and Te-rich CdTe surfaces.

Methods for dry etching of compound semiconductors are being actively investigated
because they offer a degree of control not available with conventional wet etching techniques. In
addition, dry etching is compatible with a closed system approach to growth, processing, and
analysis of semiconductor materials and devices. The use of vapor phase etching techniques for
]I-VI semiconductors such as CdTe and HgCdTe is particularly desirable because of the
sensitivity of these materials to the surface damage and compositional variation that can result
from the wet etching process [1]. We have found that a detailed understanding of the reactions
which occur during the interaction of the vapor phase reactants and the semiconductor surface is
essential to the development and optimi.ation of a dry etching procedure for these materials. In
this paper we describe experimental studies of the reactions that occur between photo-generated
methyl radicals and Cd, Te, CdTe, and Te-rich CdTe surfaces, and show how these reactions can
be used to modify the surface composition and structure of CdTe and Te-rich CdTe layers.

The high volatility of dimethyl Hg, Cd, and Te compounds suggests that the interaction of
methyl radicals with surfaces of CdTe and HgCdTe may lead to efficient etching of these
materials. This hypothesis derives additional support from the well established activity of methyl
radicals in the etching of metal flms [2]. It was recently reported that HgC.e could be etched in
a flowing afterglow reactor where methyl radicals were purported to te the etchant species [3].
However, experiments performed in our laboratory in a low vacuuLi chamber using methyl
radicals generated by 193 nm excimer laser irradiation of acetone have yielded results inconsistent
with that work (4]. In those experiments an excimer laser operating at 193 nm, 10 mJ/cm 2, and
30 Hz, was directed parallel to a thin film ofCd, Te, or CdTe on a quartz vlhstrate in the presence
of 0.1 Tort of acetone. Acetone absorbs 193 nm radiation with 6% efficiency and is known to
dissociate into two methyl radicals and a CO molecule with 96% probability upon absorption [5].
In situ refiectivity and ex situ profilometer measurements were used as probes of the reaction
between laser generated methyl radicals and the surface. Te films and Te-rich CdTe were
efficiently etched at 250C; however, no significant etching of either Cd or CdTe was observed. In
order to examine the mechanism of the etching process under controlled conditions, where issues
of substrate cleanliness and surface poisoning could be probed, we simulated the etching reaction
in an ultrahigh vacuum (UHV) environment. We describe experiments in which the interaction of
laser generated methyl radicals with Cd, Te, and CdTe surfaces was investigated using Auger
electron spectroscopy (AES) and thermal desorption mass spectrometry (TDMS).

The essential features of the UHV chamber are depicted schematically in Fig. 1. The system
was pump d by a 500 I/skc turbomolecular pump and had a base pressure of 5 x 10-9 Tort. The
UHV chamber was connected to a load lock and sample transfer was effected via a bidirectional
transfer device and a wobble stick. The sample was mounted on a Vacuum Generators high

Mat. Res. Soc. Symp. Proc. Vol. 158. 61MO Materials Research Society

iiI



290

\\GAS LASER PULSE

,DOSER (193 nm)

-- LN - COOLED -

aMS
SAMPLE

( "1U LASER

APERTURE
ASSEMBLY

GUON AUG3ER
NJ 8j SECTROMETER

Fiure 1. Schematic cross-sectional view of UHV reaction chamber and surface analysis
system.

prcison translator which could be heated, cooled, translated, and rotated. A low energy, broad $

area ion gun (Commonwealth Scientific) was available for sample cleaing. Acetone was
admitted to the chamber via an effusive beam gas doser which was controlled by a servo driven
leak valve (Granville Phillips 216) and a temperature controlled baraton (MKS 501A) operated in Q
a feedback mode. A differentially pumped and cryoshrouded quadrupole mass spectrometer
(EXTREL C50) was used for TDMS. An aperture assembly allowed the quadrupole to be
alternatively isolated from the chamber during gas exposures or collimated to discriminate against
background desorption from the manipulator during TDMS. A hemispherical analyzer and
electron gun (VSW HA100 and E05) were used for AES. The chamber was equipped with
Suprasil windows to allow passage of the excimer laser beam into the system. A Lumonics 600
excimer laser operating at 193 nm was used for the photodissociation of acetone at an energy
density of 50 mJi/cm2 and a repetition rate of 250 Hz.

High purity, glass distilled acetone was obtained from Aldrich Chemical Co. The acetone
was dried over molecular sieves for 12 hours and subjected to two freeze/thaw cycles prior to
use. Purity of the acetone was confirmed by mass spectrometry in the UJHV chamber. High
resistivity CdTe (100) samples were obtained from II-I Inc. and Cd foil (0.25 mm thick,
99.999%) was purchased from AESAR. Te films were obtained by thermal evaporation of Te
metal onto quartz substrates. All samples were degreased and etched in 1.5% Br2 / methanol
solution prior to instlation in the load lock. Upon transfer to the vacuum chamber, the sampleswere ion sputtered at 100 eV and 3 pA/cm 2 for 1 minute which was sufficient to remove any
residual carbon and oxygen from the surface.

Two types of experiments were performed in the UHV chamber. In the first set of
experiments CdTe substrates were made Te rich in siu by laser irradiation at 193 num and 70
mi/cm2 [6]. The efficiency of methyl radical etching of the Te-rich CdTe surface was measured
by monitoring the Cd/Te ratio as a function of temperature via AES. The second set of
experiments were designed to trap the methyl radicals on the suface at low temperature and
identify the product distributions of the etching reactions by TDMS.

A: Tempeaure Dependence of Methyl Radical Etching of Te-Rich CdTe

The results of experiments in which Te-rich CdTe films were exposed to laser generated
methyl radicals at various sgmple temperatures are shown in Fig. 2. Each data point represents a
CdTe surface which was made Te-rich by laser irratdiation prior to exposure to methyl radicals.
AES depth profiling on CdTe samples which were madp Te-rich by this treatment revealed that the
depth of the stoichiometrically altered layer was 20 A or less. The conditions of the exposure
(10-6 Torr acetone for 5 minutes, 193 nm, 250 Hz, 50 mJ/cm2) corresponds to a toWa flux of
methyl radicals to the surface during the exposure on the order of one monolayer (one monolayer
T, lOs molecules/cm 2), The change in the Cd/Te ratio as measured by derivative AES is plotted as
A function of the sample temperature. The data show a threshold temperature dependence to the
etching reaction under the conditions used in our experiments. Below a substrate temperature of
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Figure 2. Change in Cd/Te ratio following exposure to laser generated methyl radicals as a
function of substrate temperature. Cd/'e ratio determined by AES. Exposure
conditions: 10- Torr acetone, 5 minutes, 193 rum, 250 Hz, 50 mi/cm 2.

-40*C there is very little reaction; however, at temperatures greater than -400C increasingly
efficient etching is apparent from the magnitude of the change in the CdTe surface stoichiometry.
Experiments performed at room temperature under these conditions reproducibly returned Te-rich
CdTe films to a 1:1 surface stoichiometry.

Thermal desorption experiments were performed at each temperature following methyl
radical exposure, but no metalorganic etch products were observed at any sample temperature
between -80*C and 25*C. AES examination of a surface following methyl radical exposure at
-60°C did not reveal the presence of carbon.These observations suggest that the rate of etching
under these conditions is not limited by surface diffusion of methyl radicals or desorption of etch
products, but that acetone itself is inhibiting the etching process by efficiently scavanging methyl
radicals from the surface at low temperature.

B: Thermal Desorpfion from Te. Cd. Te-rich CdTe and CdTe Surfaces

Experiments probing the adsorption of acetone on Cd, Te, and CoTe surfaces have revealed
that acetone is not trapped on these surfaces at temperatures greater than -130*C [7]. An
adsorption temperature of -120*C was therefore selected as the lower limit for our methyl radical
adsorption studies. In these experiments the exposure conditions (0 -5 Tor, 15 minutes, 193
nm, 250 Hz, 50 mi/cm2) corresponded to a total flux of methyl radicals to the surface of more
than ten monolayers. In addition to each laser experiment, a background experiment in which the
laser was turned off during exposure to acetone was also performed. An example of the TDMS
results for Te fflms is shown in Fig. 3 in which peaks at the mass corresponding to
dimethyltellurium (CH3Te1 0CH3) are displayed. We also observed peaks at i/e 130 (Te13°),
260 (Te2 

3°), and 290 (CH3Tel 130 )CH 3) at the same desorption temperature, and the masses
130:160:260:290 had relative intensities of 100:42:9:10. The cracking pattern of
dimethylditeluride is not known, but from the reported cracking pattern of diethylditelluride [8)
we suggest that the presence of nmrsses 260 and 290 in our mass spectrometer are related to
secondaty wall reactions in th' ioizr and not to primary desorpion products.

Two points are evident from the data in Fig. 3. Acetone itself has a small but finite reaction
with Te, and there is no enhancement of the detion yield by exposure of the surface to laser
generated methyl radicals. A rough calculation of the yield of all measured desorpion productsI
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Figure 3. Dimethyltellurium TDMS signal from Te films exposed to a) acetone, b) acetone and
laser generated methyl radicals.

resulting from acetone reaction with Te corresoponds to less than 1% of a mopolayer. We expect
that the sticking coefficient of methyl radicals on the surface will be high on the basis of previous
studies [8,9]. The absence of an enhancement in the desorption yield upon exposure to methyl
radicals therefore supports the hypothesis that acetone scavenging reactions remove methyl
radicals from the surface at low temperature.

Identical experiments were performed on Te-rich CdTe, Cd, and stoichiometric CdTe
surfaces. Te-rich CdTe surfaces behaved similarly to the Te surface. Again, there was a small
but finite reaction with the surface to produce dimethyltellurium, but no enhancement of the
desorption yield was observed when laser generated methyl radicals were exposed to the surface.
In the case of Cd and stoichiometric CdTe surfaces however, there was no apparent reaction with
either acetone or methyl radicals.

Dicsson

J Based on the above observations we propose the following mechanism. It is reasonable to
assume that methyl radicals once formed in the gas phase will stick to the surface with high
probability.

CH3 (g) -+ CH3 (s) (1)

Once adsorbed these methyl radicals will combine with the surface atoms in a multistep process.
Stinespring and coworkers have reported [11] that at room temperature dimethylcadmium and
dimethyltellurium dissociatively adsorb on Si and GaAs surfaces, suggesting that each step of the
reaction of methyl radicals with surface Cd or Te is reversible.

2CH3 (s)+ M(s) -. t., CH3MCH3 (s) -. C1-I3MCH3(g) (2)

Any stable species that is successfully formed on the surface above its desorption temperature will
desorb. In the case of CH-TeCHI this tcmperaturc is - -1000 C. 'The difference in efficiency of
the room temperature etching reaction between Cd and Te may relate to the strength of the
monomethyl bond. The reported bond strength for monomethyl cadmium is on the order of 12.4

• i • • i i 11 -•
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Kcal/mole with complete dissociation of dimethylcadmium requiring 72.4 KcaI/mole [12], Th
bond strengths in dimethyltellurim are not known but it is estimated that the total energy required
to dissociate the molecule is 115 Kcllmole [13]. On this basis, the dissociation of the
monomethylcadmium species may be rapid coMpared to the monomethyltellurium, and the
formation of dimethykadmi would be ymore difficult.

Acetone itself hhs a small but finite reaction probability with Te and Te-rich CdTe surfaces.
Dissociative adsorption proceeds by a one or two step mechanism to produce two methyl radicals
and a CO molecule. Previous adsorption studies have shown that CO is not absorbed on the
surfaces studied above-1200C [14,15].

CH3COCH3 -+-+ 2CH3 (s) + CO (s) - CO (S) (3)

Acetone is not trapped in a physisorption state on the surface above -130*C; however, itsresidence time on the surface may be estimated from the reciprocal of theArrhenius factor,

c - (exp(-AE ,JKT.))- (4)

where AEd., is the activation energy for desorption and Td. is the desorption temperature. We
estimate from our data that AE for acetone for all the surfaces studied ison the order of 8
Keal/mole and the desorption temperature is - -140*C. The Axiiienius factor changes by over five
orders of magnitude from -120 0C to 25*C. Therefore a competition exists between the rate that
acetone reacts with radicals on the surface and the rate at which the radicals themselves react with
the surface leading to the observed temperature dependence in the rate of etching of Te-rich CdTe
film.9

The observation by AES that carbon does not accumulate on the surface following exposure
to acetone and methyl radicals suggests that the acetone scavenging reactions produce
predominantly stable species on the surface which subsequently desorb. Although evidence
exists for direct radical desorption from semiconductor surfaces [16], this generally occurs at
temperatures on the order of 300*C or higher, consistent with radical-surface bonds strengths of at
least 25-30 Kcal/mole. Gas phase reactions between acetone and methyl radicals are varied and
complex [17] and comparable reactions may occur on the surface. A suggested scheme for the
scavanging of methyl radicals from the surface is given in (5) and (6).

CH3COCH3(s) + CH3(s) -4 CH3COCH 2(s) + CH4(s) -4 CH4(g) (5)

CH3COCH 2(s) + CH3(s) -4 CH3COCH2CH3(s) -+ CH3COCH2CH3(g) (6)

Work is in progress to identify hydrocarbon speties which may be generated by the acetone
scavanging reactions.

Conclusion

We have found that methyl radicals generated by the photodissociation of acetone etch Te
films efficiently (up to 300 A/minute). Te-rich CdTe films are also etched by methyl radicals in a
manner similar to Te. A temperature dependence ip the rate of etching of Te-rich CdTe films is
related to a competition between acetone scavanging reactions and reaction of methyl radicals with
the surface to form volatile metalorganics. On the basis of both low vacuum and ultrahigh
vacuum studies we see no evidence for etching of either Cd or CdTe by methyl radicals alone,
suggesting that an additional source of energy is required to efficienli " these materials. Work
is underway in our laboratory to investigate this hypothesis.
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ABSTRACT

The diffraction grating on SIC mirror was performed by a
laser holographic method. In the present method, KrF laser and
CIF3 was used for etchant gas. The CIFa gab has an
absorption band in the range between 200 and 400 nm.
Therefore, CIF3 gas is effectively decomposed by the XeF, KrF
and ArF excimer lasers' radiation. It is found that absorption
of SiC is about 50% in the range of between 200 and 400 nm, and
that the bonding energy of Si-C is lower than the photon energy
of KrF laser beam. The above results indicate the direct
decomposition of Si-C bond. On the other hand, the threshold
fluence energy for etching was 800 mJ/cm2 in 249 nm and in 193
nm as high as 7 J/cm2 . In these results, the KrF laser is more
effective than ArF laser. Then we applied KrF laser to
crystalline SiC in an atmosphere of CIF3 gas. The divided two
polarized KrF laser beams were interfered on the substrate.
And the beams were used to photodissociated CIF3 gas in the
proximity of substrate. Fluence of KrF laser beam was I J/cMn.
The incidential angle of KrF laser beams was 20° and the
grating gaps were 7170 1, etching depth 1000 A, and etching
rate was S A/pulse.

Introduction

It is being needed to develop diffraction grating for X-ray
laser or synchrotoron radiation which has high reflectivity and
superior heat resistance in the range of soft X-ray. Under
present conditions, the Au diffraction grating is applied for
this purpose, but this material is damaged at syncrotoron
radiation of electron energy above 6 GeV. On the other hand,
the melting point of SiC is as high as 2830 °C and its
reflectivity i as high as 60% in the range of soft X-ray.
For these reasons,, it is expected that SIC is effective optical
material for soft X-ray. But etching of SiC is difficult and
selective etching of minute patterns is almost impossible.

Recently, we have reported for selective area photo etching
of SiC by using two-color excimer lasers and CIF gas [1,2].
In this method, CIF gas was used as etchant. This CIF3 gas
is very active and has high reactivity, and use of this gas has
been reported for in relation to etching experiments on Si, Ta,
Ta2N, Ta2Os , TaSi, Si02 and Si3N4 [3,4]. On the other hand,
this CIF3 gas has an absorption band in the range between 200
and 400 nm and this band range is a good agreement with the
emission wavelength of the XeF, KrF and ArF excimer lasers. So
I have experimented on resistless etching of SiC by using
excimer lasers and CIF3 gas. And we fabricated diffraction
grating by laser holographic method [2]. These findings are
reported below.

Mat. Res. Soc. Symp. Proo. Vol. 1. 1990 Materdal Research Soclety
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Photochemical reactions

In photochemical reactions, the material must absorb
photons directly, and the photon energy must be larger than the
bonding energy of constituent molecules[S . In general, the
chemical resistance of SiC is very strong and its chemical or
mechanical etching is very difficult. However, the photon
absorption of SiC is approximately 50% at proximity of 249 nm
as shown in Fig.l, the bonding energy of Si-C bond is 104
Kcal/mol, and the photon energy of KrF laser beam is 114 Kcal.
Therefore, the SIC bond can be cut directly by means of KrF
laser beam., On the other hand, the ClF3 gas has absorption in
the band of 200 to 400 na as shown in Fig.2, and the bonding
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Fig.1 Reflectance for SiC as a function of wavelength.
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energy between Cl-F is as low as 60 Kcal/mol. Therefore, this
chemical bonding can be dissociated easely by XeF, KrF and ArF
laser beams. In this results, halogen radicals are produced.

But this'CIP3 gas is very active, and when it is excited by
the laser beam, it reacts quickly with the etched materials and
produce the intermediate products. So we have made the UV and
IR spectroscopy analysis in order to inspect the intermediate
products which were created by this surface reactions as in
Fig.3. Then the SiC substrate is put and CIF3 gas is sealed in
a cubic cell. And this gas is excited by XeF laser bean to
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Fig.3 Measurement of the intermediate product on the
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produce halogen radicals, and at the same time, amorphous SiC
surface In a chamber was excited by KrF laser bean. By the
combined effect of these two laser beams, the CH radicals
isolated from amorphous SiC surface reacts with halogen
radicals, and exhibit particular absorption spectra of 300 to
430 nm as shown in Fig.4.bc. When we kept on irradiating with
the XeF laser, the intermediate products which have high

absorption are decomposed as sho~n in Fig.4.d.
When CIF3 gas is excited by ArF laserbeam, stable radicals of
CF2 is produced around 250 nm as in Fig 4.e. and these radicals
absorb the KrF laser beam which is used to excite the SIC
substrate. This phenomena also reduces the etching efficiency.
As discussed above, the effect of the photo reactions must be
consider the intermediate product. Therefore, when we make the
etching gas to flow, XeF, KrF, and ArF lasers beam can be used
for excitation of etching gas.

Experimental set up

When we fabricate SiC diffraction grating, the substrat'
surface must be polished like a mirror. Then, we polished
amorphous SIC, which is deposited on a stainless steel

substrate by plasma CVD method, and a crystalline SiC which is
grown on a graphite substrate by thermal CVD, and measured
their reflection coefficients. The results are given in Fig.l. A
According to this experiment, the reflection coefficient of
amorphous SiC (Fig.l.a) was uniformly 40% in the range from 200
to 400 nm, while the value of crystalline SiC increased at
shorter wavelength, and 50% with ArF laser of 193 nm.

Next the C13 gas was kept flowing, and irradiated on the
amorphous and crystalline SiC surfaces with XrF and ArF lasers,
for all combinations. When the sample is amorphous SiC, the
etching rate is the same for ArF and KrF laser, and the
threshold fluence for etching was 200 mJ/cm 2

.
When crystalline SiC was used, the threshold fluence was 7J/cm 2

by ArF laser, but it was 800 mJ/cm 2 by KrF laser of 249 nm.
- This result was brought about by the fact that, as in Fig.l.

the coefficient of SiC by 20% at 193 nm and 249 nm. Thereforec
we can conclude that either ArF or KrF lasers can be used for
etching of crystalline SiC.

On the other hand, any of XeF, KrF, or ArF laser can be
used for photodecomposition of ClF? . As the incident laser
beam is wasted for decomposition of the intermediate product
when the gas is contained,. We conducted expriments by keeping
CIF3 gas flowing. The experiments were conducted by using one
KrF laser, because when two lasers, one for SiC substrate
excitation and another for CI 3 gas excitation, are used, it is
difficult to control the excitation, timing, and it is more
expensive, although two lasers would provide higher etching
efficiency, Then we applied KrF laser beams to SiC substrate
in an atmosphere of CIF3 as in Fig. 5. The divided two
polarized KrF laser beams were interfered on the substrate, it
was used to locally excited the substrate[2] and the both of
KrF laser beams were used to photodissociate CIF3 gas in the
proximity of substrate,

Results :R-

The amorphous and single crystalline SIC substrate were



299

S,P polarized light
S,P polarized light

~/

mirror

.rF excimer laser

prism
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mirror mirror

n' 0mirror

CIF, gas flow

Fig.5 Schematic diagram of the exposure system for
laser holography.

used as specimens. The amorphous SiC was deposited on stainless
substrate by plasma chemical vapor deposition and film
thickness was 4pm. And the crystalline SiC was created on
graphite substrate by thermal CVD, and film thickness was 100pa. And KrF laser fluence which wasirradiated on the amorphous

SiC was 250 mJlcm 2 . On the other hand, the fluence of the
laser irradiation on the single crystalline SIC was I J/cm2 at
wavelength of 249 nm.,

The photo etched pattern is shown in Fig.6. The line and
space on amorphous SiC were 7170 A, etching depth 1000 A, and

etching rate 5 I/pulse. And the line width of the crystalline
SiC were 10 pam, etching depth 1000 A, and etching rate
lA/pulse.

Fig.G. Photograph of thc holographic grating taken

by the optical micloscope. Line and space
period is 7170 A.

I
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Discussion

The flow chart of the photo chemical reaction is given in
Fig. 7. The Si and C atoms, released from SiC by photo
dissociation of KrF laser, promptly react with F radicals which
are released from CIFa gas by KrF laser beam. As F has higher
electronegativity than Cl in general, the bond energy of C-F is
128 Kcal/mol, that of C-Cl 95, Si-F 129, and Si-Cl 107. For
this reason, it can be assumed that Si-C is converted to Si?
and CF2 . The temperature at which the vapor pressure of SiF
becomes 200 Torr is -107.2 C, while this value for CIF 3 is
-143.6 C. Therefore, chemical compounds are evaporated without
substrate heating, thereby making it possible to create etching
patterns of high contrast.

perpendloular
Irradiaton

KrF (24nm (114 Keel)

vapor phase reaction surface reaction

parlll rF(Cl-F: 60 Koal/mol) (81-C:104 Koel/moillIrradiation KrF (24 '

Fig.7. Flow chart of the photo etching process for SIC
by vapor phase and surface reactions

Conclusion

To summarize the above discussion,: this photochemical
reaction is created by the cumulative effect of surface
reaction and gas phase reaction caused by laser beams. And the
effect of the photo chemical reaction must be consider the

intermediate product. In this method, holographic resistless
pattern etching of SiC was performed.
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ABSTRACT

The change in the behavior of laser-induced etching of Mn-Zn ferrite
by MeV ion implantation has been investigated. The etching induced by Ar+

laser irradiation in a H3PO4 solut~gn ws completely suppressed by
implanting 3 MeV Au+ to a dose of lx10'u cm- when the laser induced local
tenperature rise was below the melting oint of the ferrite. The etching
suppression disappeared when the Au implanted sample was thermally
annealed at 900 'C for 30 min. The suppression is found to be related to
the crystallinity change induced by ion implantation.

INTRODUCTION

Single-crystalline ferrite is an important magnetic material which is
widely used for magnetic head devices such as audio and video tape-
recorders or floppy and hard disk drives. Increasing in recording
capacity, requiring higher recording density of magnetic devices, could be
simply satisfied by reducing the gap width of the magnetic head. Recently
developed laser-induced processing provides an effective way to masklessly
etch the ferrite with a high etching rate. In our previous studies, laser
etching of Mn-Zn ferrite by focused Ar+-laser beam irradiation both in a
CC14 gas atmosphere and in a HAPO4 solution was investigated [1-3]. High
etching rate up to 340 Mm/s has been achieved [2,3]. However, the width of
the etched groove was limited by the focusing properties of the laser beam
and it could not be easily reduced to a micron order or sub-micron like in
the case of focused ion beam (FIB) processed grooves.

In this study, the etching properties of high-energy ion-implanted Mn-
Zn ferrite by laser-induced chemical reaction have been investigated. The
change in the etching property is expected to play an important role in the
further research to obtain ultra-fine structures in a ferrite material when
laser etching techniques are combined with FIB techniques. The purpose of
using MeV ion implantation is to produce thicker and heavily disordered
surface layer in order to obtain obvious change in the etching behavior.

EXPERIMENTAL

(100)-oriented single-crystalline Mn-Zn ferrite (MnO : ZnO : Fe203 =
31:17:52) sample were partly masked and implanted with 3 MeV Au+ ions, to
a dose of lxi0 "  cm- . The sample stage was water-cooled to avoid
temperature rise during ion implantation.

The gold implanted samples were mounted on the bottom of an etching
cell and, then, an etchant solution was added. The etching cell was fixed
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on an electrically controlled X-Y-Z stage. A laser beam was scanned over
tho sample from unimplanted areas to implanted areas by moving the cell
with a speed of 9 pm/s. The 514.5 nm-line of an Ar+ laser was focused by a
convex lens, with a focal length of 40 mm, down to a spot diameter of about
13.2 pm (at l/e intensity) on the sample surface. The distance from the
sample surface to the etchant surface was adjusted to 2 mm. 85% phosphoric
acid (H3PO4 ) solution was used as an etchant. Etched patterns were
observed by scanning electron microscopy (SEM) and a stylus measurement
(DEKTAK) to obtain etched depth and width.

Distribution of the implanted ions was calculated by the TRIM
(TRansport of Ions in ratter) code (4]. Total ion number and ion energy
for simulation were 101 and 3 MeV, respectively. Surface lattice damage
induced by ion implantation was also investigated by 2 MeV He+ RBS
(Rutherford Backscattering) with ion channeling.

RESULTS AND DISCUSSION

Figure 1 shows the SEM top view of etched grooves across the
unimplanted area on the left-hand side and the implanted area on the right-
hand side with a laser power ranging from 66 mW to 266 mW and a scan speed
of 9 ym/s. When the laser power is equal to or below 86 mW, the implanted
area remained unetched though the unimplanted area was etched and uniform
grooves were fabricated. The laser-induced chemical etching was completely
suppressed by high energy ion implantation. As the laser power increases,
the depth and width of the etched grooves In the uni'mplanted surface
increase. The implanted surface, however, still remains unetched until the
laser power increases up to 133 mW. When the laser power exceeds a value
of 133 mW, the etching on the implanted surface occurred. According to the
relationship between the local temperature rise and incident laser power

UNII4PLAMTED AREA IVLANTED AREA

66 mW
66 mW
73 mW
80 mW
86 mW
93 mW

106 mW
120 mW
133 mW
166 mW
199 mW

266 mW

S .. 500 Pm

Fig.1. Etched grooves across unimplanted and implanted areas.
with a laser power ranging from 66 mW to 266 mW, and a scan speed of 9 pm/s
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[1], the maximum local temperature rise due to a laser power of 133 mW is
estimated to be 1600 °C, which is the melting point of the Mn-Zn ferrite.
Ripple structures can be observed when the laser power is at and above 133
mW. It is known as the result of local meting [2]. The edges of the
etched grooves near the boundary of implantation differ because of
different scanning direction of laser beam.

UNIMPLANTED AREA I IMPLANTED AREA
SCAN
DIRECTION

: - 100 Ym
Fig.2. Etched grooves across the boundary of unimplanted and implanted

areas with different scan directions under a condition:
a laser power of 66 mW and a scan speed of 9 pm/s.

The etching behavior at the boundary of the unimplanted area and
implanted area differs when the scan direction of the laser beam differs.
Figure 2 shows the SEM top view of two etched grooves obtained by scanning
laser beam from implanted to unimplanted area (upper line) and from
unimplanted to implanted area (lower line), with a laser power of 66 mW and
a scan speed of 9 Ljm/s. In the first case, the laser beam irradiation
started at the implanted area. The etching reaction can not occur because
of the modified surface layer by ion implantation. Etching only starts
when the laser beam reached the unimplanted area on the left-hand side. In
the second case, laser induced etching occurred in the unimplanted area,
but the etching did not stopped immediately when the laser beam reached the
implanted boundary, and it continued into the implanted area and stopped at
a point with a distance more than 100 pm from the boundary. This
phenomenon is corsidered to be the result of different exposure condition
of the modified surface layer in the etching process. When the laser beam
scans from the left to the right and reached the implantation boundary, the
etching reaction still continues because the thickness of modified layer is
very thin compared with the groove depth. The surface continues to be
etched under laser irradiation in this case.

Figure 3 shows the etched depth and width in unimplanted areas as a
function of laser power ranging from 40 mW to 160 mW. The etched depth
increases linearly with laser power from 40 mW to 132 mW. This suggests
that the etching reaction in this power region might be a photochemical
process. In order to verify this point, laser etching with irradiation
parallel to the sample surface was also performed in H3PO4 . An Etched
groove with a depth of 1.2 ym was formed by a laser power of 10 mW within
30 min. .;-ther increase in laser power above 133 mW gives rise to the
dramatic increase in etching rate due to surface melting. Although photo-

_ _ mm | m• • 41
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chemical enhancement in decomposition reaction is not yet clear, the
decomposition reaction under laser irradiation is considered as follows:
6H3P0OA + (Fe2O3 + 3MnO + 3ZnO) -2FePO 4 + Mn3(P04)2 + Zn3(P04)2 + 9H20

60- 0-60

Ar Laser (514.5nm)
50- 50

4 0- 0 40

/x
IIl

0 W
~20- 020

2 8 Scan Speed 9pm/s w0

Fig.3. Etched depth (solid circle) and width (open circle) in unimplanted
area as a function of incident laser power ranging from 40 mW to 160 mW.
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Thus, the etching reaction induced by laser can be totally suppressed
by high energy implantation, which would provide ultra-fine structures with J
high aspect-ratio when the laser etching process is combined with focused
ion imnlantation.

In order to study the mechanism of the etching-suppression by ion
implantation, the change in surface reflectivity was measured before and
after ion implantation. The reflectivity decreased to a value of 15.2%
from its original value of 19.2%. Therefore, the etching suppression can
not be explained by the surface reflectivity change due to ion implantation
as in the case of laser-induced etching of amorphous Silicon [5].

The surface lattice damage induced by ion implantation was also
investigated by 2 MeV 'He+ RBS with ion channeling. The channel-to-depth
conversion factor was 50.6 angstrom per channel [6]. Figure 4 shows the
aligned (solid triangle) and random (open trqngle spectrum for the sample
implanted with 3 MeV Au+ to a dose of lx10'u cm-. The aligned spectrum
for single-crystalline ferrite (open circle) is also shown for comparison.
The dechanneling rate of the Aul implanted surface is much higher than that
of the virgin surface. The lattice of the surface layer was heavily
damaged by ion implantation. The minimum scattering yield obtained behind
the surface peak is 44.3%, which is almost the same as the value of the
mechanically polished surface (44.4%) [6]. Results of the TRIM calculation
indicate that the projected range for 3 MeV Au+ in ferrite is about 0.4 pm
with a standard deviation near 0.09 pm.

For investigating the relationship between the behavior of the laser-
induced etching and the crystallinity of the implanted surface, the 3 MeV
Au+ implanted samples were thermally annealed at 900 'C for 30 min before
laser etching. Figure 5 shows the SEM top view of the grooves in the
thermally annealed sample across the unimplanted and implanted regions with

UNiIMPANTED AREA INPIANTD AREA

46 mW
53 mW
60 mW
66 mW
73 mW
80 mW
86 mW
93 mW

106 mW

500 pm

Fig.5. Etched grooves across unimplanted and implanted areas after thermal
annealing at 900 °C for 30 min. with a laser power ranging from 46 mW to
106 mW, and a scan speed of 9 pm/s.
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4(
a laser power ranging from 46 mW to 106 mW and a scan speed of 9 pm/s. In
this region of laser power, etching suppression in the implanted area
disappeared after thermal annealing. Smooth grooves were fabricated with
the same width and depth between two regions. From the results of our
previous study [6], it is known that the lattice damages itnuced by both
ion implantation and mechanical polishing can be completely recoverjd by
thermal annealing at 900 °C for 30 min. From this fact, it is suggested
that the laser etching-suppression after ion implantation is related to the
lattice damages, which also suppress electrochemical reaction between the
ferrite surface and etchant.

Further investigation of etching-suppression by focused heavy ion
implantation at MeV .range is now in progress.

CONCLUSIONS

The etching induced by Ar+ laser irradiation in H PO' solutiop6coul(
be completely suppressed by implanting 3 MeV Au+ to a Jose of lxlO" cmf
when the laser induced local temperature rise was below the melting point
of the ferrite. The etching suppression disappeared when the Au+ implanted
sample was thermally annealed at 900 °C for 30 min. The suppression was
found to be related to the crystallinity change induced by ion( implantation.
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ABSTRACT

ArF excimer laser induced etching of InP in various etch gazes (HBr, HCI,
Cl2 ) Is discussed with regard to its spatial resolution capability. X-ray
photoemsalon spectra and large-area etch rate measurements published before
lead to fundamental understanding and interpretation of the characteristics of
etched test structures. HBr and HCI require gas phase photodisociation. Cl2 ,
In contrast, has the advantage to react spontaneously.

INTRODUCTION

Laser Induced etching of semiconductors has attracted substantial and
increasing Interest over the past few years [1). An especially promising and
flexible application Is pattern transfer etching by optical projection of a
reticle onto an unpatterned wafer surface in a processing chamber filled with a
suitable etch gas. An assumption frequently found in literature has been that
optimum results are expected when the gas has minimum spontaneous reactivity or
etch rate in the dark. Because of its high bond energy of 3.8eV and efficient
photodissociatlon by ArF excimer laser light, etching with HBr was considered
Ideal and has been extensively studied on GaAs [2. We recently described the
large-area etch rates, which can be Induced by an ArF laser on InP In HBr and
HCI [3). New XPS results and etched test structures have stimulated now
further-reaching concepts. We discuss them here under the aspect of the spatial
resolution capability of the process and show finaII that, in contrast to the
frequent assumption, spontaneously reacting etch gases Ike Cl2  may be more
promising than the hydrogen halides.

EXPERIMENTAL

The bakeable ultrahigh vacuum system used and described before 13] comprises
an etching chamber with sample introduction and XPS analysis chamber. The
temperature of the resistively heated sample can be controlled during etching
with a calibrated pyrometer., For simple gas exposure studies, given in units of
1 Langmuir - 1L - 10 Tors, the gases were introduced through leak valves.
Patterned, laser induced etching of n-doped (100)InP wafers was achieved by
optical projection of a stainless steel mask with an ArF excimer laser (193 nm,
6.4 eV, 150 mJ/use, 1.80 Hz rp. rate) through a suprasi lens doublet onto

the wafer surface (image ratio 1:4). For this case, the gas inlet was recently
changed to obtain better window protection. Mass flow controllers and a 200 gm
inner diameter stainless steel nozzle directed under 30* at the sample surface
and ending 3mm in front of it are now in use. A typical flow rate of 50-100 sccm
yields an effective HBr pressure in front of the sample of 0.35-0.7 mba while a
turbopump keeps the background pressure in the 103 mber range. The effective
pressuw,,s In front of the sample were determined experimentally from the
dspendeice of the etch rate on the background pressure (varied by the pumping
speed). They agree with the theory for gas effusion from small apertures [4].
Etched profiles were analyzed with a stylus profilometer, light microscope and
scanning electron microscope (SEM).
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RESULTS AND DISCUSSION

We first describe etching by the hydrogen halide gases before we conclude
the section with XPS results on the Interaction of CI with tnP As long as HCI
and HBr behave similar it will be sufficint to consider only HBr in order to
demonstrate the main features and implications for photolithography.

First of all it is important to distinguish between normal and grazing
incidence of the laser light since the P Is removed from the top monolayer in a
single pulse when a fluence above the malting threshold of 120 rJ/cOm Is
incident on the sample surface [3). XPS spectra after exposure to 9000 pulses of
200 mJ/cm0 (Fig.l(a)) cleaiy reveal the metallic Indium accumulation. XPS
spectra after only a few laser pulses show that the amount of metallic In formed
per pulse just above the threshold is near the detection limit of about 1% of a
monolayer and that it increases exponentially with laser fluence. When a
stoichiometric or a P-depleted surface are exposed to HBr (e.g. 106L. In spectra
(b) and (c), respectively) the only observable change Is the growth of a bromine
signal which we assign to adsorbed HBr. The absence of a spontaneous chemical
reaction is in agreement with the expected stability of the HBr molecule [2)
(high bond energy of 3.8 eV [51 and short bond length of 0.14nm [6]). Only
photodissociation of the gas, as realized for spectrum (d) by grazing Incidence
of additional 300 pulses (60 mJ/cm) in 0.2 mber HBr, leads to a chemical
reaction In which InBr Is formed. A buk reference sample was used for peak
assignment. Probably dUi to their higher vapor pressures, phosphorus compounds
are not present.
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0
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Fig.1. In, P and Br XPS spectr from (100)lnP after laser irradiation, 9000
pulses, 200rmJk4r (a); exposure to HBr, 1dL (b); laser irradiation with
subsequent exposure to Her (c) and finay laser Irradiation with subsequent
exposure to photodissociated HBr Id) (from bottom to top).

For a continuous etch process, also the most stable product, the InBr ,
must be removed from the surface. its thermal stability was therefore studied by
XPS. The initial InBr3  spectrum shown In Fig.2 was obtained after grazing
incidence of 1000 laser pulses (60 mJ/cm2 ) at room temperature In 0.2 mbr HBr.
Successive annealing for 1min at the temperatures Indicated causes evaporation
so that finally at 1400C only little InBr Is left. The behavior is consistent
with the vapor presure curve of InBr 3  W10 mbar at 140C [7). Hence, the
reaction products are either desorbed spontaneously at elevated substrate
temperature or by the next laser heat pulse.

The large-area etch rate, as described previously [3]. was found to be
determined by: (i) Dltlusive mass transport of photogeneruied hacrgin at,-,m
through the etch gas. (H) the thermally activated reaction between adisolbed
halogen and substrate and (iii) the presence of defect or reaction sites, which

£

r m mm z m m |•m 1 m
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Inl3d 1 Ii1  Pp Br31d

i d1401 a Ar-\ ~ 25d
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C b

F g.2. In, P and 8r XPS spectra from (100)lnP after growth of a thick anBr
layer (prepared according to text) and after annealing for 1mai at 90"C, 1 10O
and 140"C (from bottom to top). Almost complete desorpt on of the layer and
restorat ion of the substrate signals are evident from the 1400 C.Riecftra

are left on the surfac after transient melting. Here we aummarize these results
in the phenomenoogial etch rate equation (etched depth per pulse)

- (0.1n)* 9e ()( ) ,p,).ko(.()).,xC-E/kT),. (1)

where I meanrs the coverage of Br atoms in fractions of a monolayer
(6x1040 cm'), whmh can be ocumulated between two laser pulses. do(x)

the patterned laser flusnce, p the gas pressure, f the pulse repetition rate,

k) a fluence-dependent pre-xponential factor describing the required presence
reaction sites on the surface, E the activation energy and T the substrate

temperature. The normalization factor 0.1 nm is used in (1) because

-.L(011 (0.m ).(4,(),p,f) (2)

reprsents the maximum dfusion-limted etch rate to be expected at higher
temperatures when the P has already been removed by the laser pulse and when

every adsorbed Br reacts to In~r3  At temperatures below Eik-ln(kn), the term
txP(-EaT) can be interpreted as the reaction probabilty in re kinetically
lmited reaction according to (1). For higher temperatures, Equ. (2) s valid
The measured activatin energy E is 0.26eV for HBr and 0.18eV for HI. Scate
can be calculated from gas phase diffusion theory nd R. is experimentaly
determined [3], k can be estimated from (1). For Hr we laserpl k a5 on
surface exposed P a fluence of 160 mJcm wih the data of ref.[3] (9,30 with

f,,30 Hz and a diffusion coefficient of 120 cm=/s at 0.75 mbar R, -6x10' nm at 300 K), i.e. the transtion temperature between kinetickin and

diffusion limlt is around 450"C. Sinc lnP begins to decompose at these
temperatures, only the kinticaiy limited reaction (1) is of practical interest

here.
An illustrative demonstration for pattern transfer etching under condiions of

Equ.(1) (sample heated, normal illumination) is given i Fig.3. Stationary
conditions, i.e. no gas flow, were employed; the butFer gas H served to reduce
the mean free path. The lack of edge dfinion, the Gaussan-shaped trench
profile and an etch depth decreasing with feature size are typical. The process
is attractive for its high etch rate (0.5 Po/ ein, 0.23 nm pulse) but is useful

only for largekare applications or patterned surfaces. The behavior can be
ompltely changed by reducng the substrate temperature. Fig 4 shows an

example. The original mask is not only well reprodced but etched areas also

codtos i"e no gas flw wer emplyed Ih bufe ga H 2 serve to reduceii
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- -Fig.4. Photograph and profile of test pattern
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10-0 PM25Hz rep6tlt ion rate, 2mmn processing time,

exhibit a -smooth planar surface morphology. -Edges are well -defined down -to a 10
pm scale. However, the imiproved reticle reproduction is traded against a- small
etch rate-(0.05 pm/nun, 0.03 nm/pulse).

-Interpretation of these results is straightforward when the XPS spectra and
Equ.(1 are considered. Above the desorption temperature of -the indium halide,
1.e. -ax)oie approximately iS50C. -etching Is not hindered by a- passivaling film.
-This. is also expressed by Equ.(1). Accordingly, the spatial information of -Fig.3
can be contained only in the product e-k .- But- due -to gas phase diffusion, -the
Sr coverage e(x) is a smooth -function. 0The diffusion coefficient of Br in 5
mbar -H-, for example, is D . 140 crYls [8) yielding -a diffusion length '4i' -2'2 cm tqr f-36 Hz. Therefore, gas phase photochemistry alone cannot -exptainl the
resolution of 100pim features In Fig.3. -Contrarily, the second term k 0 (())
is stuifactt-.pucific because it d escribos the- reaction probabiity. or the nabrcu
on a surface which was exposed to a laser Ituence 4'. Therefore, the pattern in
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Fig.3 probably reflects the spatial variation of the product E)-k_. When the
lateral dimensions of an etched structure shrink below the difuson length,
increasingly more halogen Is lost by lateral gas diffusion into unexposed
regions so that the etch rate decreases with feature size. Unexposed portions of
the surface, on the other hand, are much less reactive and etching is negligible
there despite the presence of Br [3).

At room temperature, the indium halide Is not volatile which explains the
characteristics of Fig.4. Reactive sites on the surface become occupied and
saturated when a sufficient amount of Sr adsorbeo. The reaction will be limited
then by their coverage e. When they are identical with phosphorus vacancies,
for example, removal of the associated In atom would yield a maxin 'im etch rate

Rau=r, (0.3nrm) , 8' (4 (x) (3)

so that we have to distinguish now two temperature ranges

f Mifl(Rkin'lRourf) for T<150-c()R = (4)

( M i df fr T>15ooC

where the function Min selects the smaller of the two arguments. The pattern of
Fig.4 was etched with a laser fluence just above the threshold for P depletion
so that EY was small. According to (4), the etch rate is then limited by an
expression like (3). Laser fluence 4D and etch rate are constant within tls
exposed areas. The edge definition is limited by the spherical lens aberration
which was estimated with a ray tracing software. Hence, it turns out that two
factors play an important role in the present hydrogen halide etch process: The
distribution of gas phase reactants (determined by diffusion) and the
distribution of surface reactants (representing a latent image of the reticle).
The contribution of diffusion could be eliminated only by reducing temperature
and etch rate.

We therefore suggest finally to chose a spontaneously reacting, nonabsorbing
gas, so that the laser is required only for patterned removal of the corroded
layer. This approach promises both high resolution and hiph etch rate. Fig,5,
showing the growth of an InCl 3  corrosion layer on InP with increasing Cl2
dose, identifies Cl2  as a promising candidate in this respect. The steep
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increase in Cl uptake at 10'L may be d, a structural change In the layer.
Using the known density of the halide, the layer thickness can be converted into
chlorine coverage which in turn yields the mole ratio, the number of chlorine
atoms per surface InP molecule. According to thermodynamics [9]. CI reacts first

'1 with In to form InCL (mole ratio 3 at 101.) and then with P to form PCI
(mole ratio 3+5.8 at 30L). Depending on whether the P has already been removeo
by the laser pulse or not, a dose of 1O'Torts or ITorres is necessary to
etch the topmost atomic layer (0.3nm/pulre). We therefore expect an etch rate of
0.2jimnmin at a repetition rate of 10Hz in a Cf atmosphere of 10 mbar, when
the fluence is sufficiently above 120mJ/cm'; for !ower fluences (30-120mJ/cm2

)
the P has to be removed chemically, so that a higher prossure of several mbar
would be required to reproduce the conditions of Fig.5, I.e. formation of InCl
and PCI 5  which are then laser-evaporated. The achievable spatial resolution
will be determined by the tnP thermil conductivity (0.5.1p.m edge definition),

Similar values for etch rate and resolution have been mentioned for the Cl
process already in ret, Il, but in contrast to the present photothermal concep,
the process there was understood in terms of gas phase photolysis. On the other
hand, also photothermal etching with Cl2  has been demonstrated in a direct-
write experiment (10] with a cw laser, where spatial resolution is considerably
reduced by thermal conductivity

CONCLUSIONS

(I) For laser Induced pattern -transfer etching to lnP, we found
photoexcitation of hydrogen halide etch gases, although frequently studied, lass
desirable since either the spatial resolution is limited, when the process is
efficient and diffusion-determined, or the etch rate is small, when the reaction
is limited by the extent of the photoinduced surface modification.

(If) Spontaneously reacting gases, as which Cl2  was identified here on lnP,
promise a bundle of more desirable process features like (i) absence of lateral
gas diffusion, (i) high etch rate, (iii) low processing temperature, (iv) low
laser fluence and (v) free selection of laser wavelength for meeting UV-optical
requirements.
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SELECTIVE ETCHING AND PHOTO-BLEACHING
IN THIN AMORPHOUS Ge-Sb-S FILMS

EVDOKIA B. SAVOVA AND B.I. PASHMAKOFF
Institute of solid state physics, 1784 Sofia,
72 Lenin blvd., Bulgaria

ABSTRACT

A mechanism is proposed for the selective etching effects
in thin amorphous Ge-Sb-S films based on the combined action
of photostructural changes and alkaline solvent with a surface
active substance. Evidence is given in support of the asser-
tion that the same photostructural changes (namely, the break-
ing of Ge-Sb bonds under the action of UV light) are respon-
sible for the irreversible photo-bleaching of these layers.

Four different compositions in the system Ge-Sb-S have
been studied under different preparation conditions (thermal
evaporation and laser-beam sputtering). Photostructural changes
were induced by UV light irradiation. Infrared spectra of the
layers are -presented in support of the proposed model.

INTRODUCTION

Ultraviolet light irradiation induces photostructural
changes in most amorphous chalcogenide films which are mani-
fested in a shift of the optical absorption edge (1] as well as
in selective etching effects. These phenomena make it possible
to use such films for optical memory media and photo-resist
applications.

The goal of the present work is to give evidence in support
of a common mechanism for the photostructural changes in thin
amorphous Ge-Sb-S films which lead to the effects of irrevers-

- ible photo-bleaching and selective etching. Within the proposed
model, the effect of selective etching is explained as a result
of the combined action of -photo-structural changes and -the
presence of surface active substance (SAS) [2-] in the solvent.

In this work we concentrate on the role of -the photo-
structural changes, keeping both alkaline solution and SAS
concentrations fixed in all selective etching experiments.

EXPERIMENTAL PROCEDURE

The films, 100 nm thick, were deposited by thermal vacuum
evaporation or laser-beam sputtering onto glass substrates at
room temperatire. -Bulk glasses of four different compositions
in the system GexSb40-xS60 were used as source material. The
glasses were prepared by melt-quenching the mixed high-purity
elements,sealed in quartz ampoules and gradually heated up to
9200C in a rocking furnace [I]. The vacuum was 5.10-5torr and
the deposition rate varied between 10-20 1/s for the thermal
evaporation procedure. A Nd-glass impulse laser was used for
the laser-beam sputtering. baser power was about 30 kW. FiIm
thickness was measured in the course of evaporation with a-
quartz measuring device. The samples were exposed to UV light

Mat. Roes. Soc. Symp. Proc. Vol. 158. ©1990 Materials Research Society
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from a HBO 500 mercury lamp for 5 min. CuSO4 infrared filter
was used to prevent the heating of the samples during exposure.
Selective etching was measured by the time of dissolution of
exposed (X) and unexposed (.) samples in alkaline solvent with
or without the addition of surface active substance (SAS).
Infrared transmission measurements were carried on 1400 nm
thick layers, deposited on p-type Si substrates polished on
both sides.

RESULTS AND DISCUSSION

Selective etching

The etching times of exposed and u.'exposed samples, immers-
ed in alkaline solution of fixed concentration, with (curves 'a','I
or without (curves 'c','d') the addition of SAS, are plotted
in Fig.1 versus the film composition. It can be seen that
without the addition of SAS to the solvent, almost no selectiveetching effect is observed (the ratio of the etching times of
unexposed/exposed samples is about 1). The addition of SAS to
the solvent leads to a dramatic increase of the range of varia-
tion of the etching tine ratio - from 1 to above 100. With the
increase of the Ge content in the films, two distinct patterns
of behaviour of the exposed and unexposed samples can be
observed. The etching time of the exposed samples drops rapidly
and for x> 10 it is below 10 min. The etching time of the un-
exposed samples has a ledge for 10.x4 25 and drops below 10 min
for x=35 or more. Thus, the region of the -highest degree of
selectivity is located (for the given solvent and SAS concent-
ration) in the interval from x=15 to x=25. This can be clearly
seen in Fig.2 where the etching time ratio of unexposed/expos-
ed samples ( -1/ X) is plotted versus the film composition -
Fig.2 curve 'd'.

Optical transmission

As it was already mentioned, all GexSb40-xSs0 layers show-
ed irreversible photo-bleaching after exposure to UV light.
The dependence of the optical transmission edge shift on the
film composition is shown in-Fig.2 curve 'e'. It is seen that
the curve has similar behaviour and a maximum in the same -range
of compositions as curve 'd'. This fact suggests a common
mechanism for both photo-induced phenomena. A structural inter-
pretation of -this mechanism based on infrared transmission
measurements is given in the next section.

Infrared spectra

Infrared transmission spectra of films of five different
compositions ( are chown in Fig. 3a and b. TheLti
are two main features - around 370cm-1 and around 290cm-1 . The
band at 370cm-1 is associated with a tetrahedral arrangement of
four S atoms about a central Ge atom [3]. The band at 290cm-1
is associated with vibrationz of pairs of atoms in Sb-S3 pyra-
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mids which form the basic and most stable structural unit of
both crystalline and amorphous SbZS3 thin films [4]. It is seen
that both these bands scale well with the relative content of
Ge and Sb in the ternary compositions.

The band- at 250cm-1 is connected with Ge-centred tetra-
hedra with less than four S atoms [3], and the band at 220cm-'
is connected with Ge-S-Ge bonds (5,6].

The feature at 425cm-1 we connect with S atoms not-bonded
to either Ge or Sb. The existence of such atoms can be explained
by assuming the presence in- the vacuum evaporated GexSb40-xSsO
layers of Ge-Sb and Ge-Ge bonds. That is, if some of the S
atoms in the Ce-S4 tetrahedra are replaced by Ge (which gives
the 250cm-1 band) or Sb (the minimum corresponding to the
Ge-Sb bonds should be around 160cm-' and is not shown in the
figure). Illumination wi h UV light breaks the weak Ge-Sb bonds
and Ge-S bonds are formed, which is evidenced by the weakening
of the 425cm-i band and the strengthening of the 370cm -' and
220cm-1 bands.

A computer simulation of this process was attempted by a
damped Lorentzian oscillator fit [7] to the spectra of GeS2 and
Sb2S3 thin films. Six oscillators were used -to simulate the
GeS2 spectrum and three for the Sb2S3 thin film spectrum.
Combining the spectra of the two compounds, we obtained the
spectrum shown in the lower part of Fig-.3b. The spectrum after
exposition has been obtained by simulating the disappearance of
the 425cm-' minimum and increasing by a corresponding factor
the strength of the 370cm-' and 220cm-' oscillators. It can be
seen that the simulated spectra are in qualitative agreement
with the spectra of unexposed and exposed Ge2oSb2OS60 films.

CONCLUSIONS

On the basis of the experimental results and model assump-
tions described in the previous section, we suggest a mechanism
for the selective etching effect in Ge-Sb-S thin films -based- on
the combined influence of photo-structural changes and the

- addition of SAS to the solvent.
We consider Ge-S4 tetrahedra, Sb-S3 pyramids and their

combination through a Ge-Sb bond (Fig.2,upper part,units a,b,c)
to be the predominant structural units in -those layers [8].
Assuming complete randomness of bond distribution in the vacuum
evaporated- amorphous layers, the concentration of those units
versus film composition is plotted in Fig.2 curves 'al,'b' and
'c' for the respective units. Comparing curves 'b' and 'd' in
Fig.2, it is seen that the region of maximum selectivity coin-
cides with the maximum in the number of Ge-Sb bonds. At the
same time, the number of GeS4 tetrahedra scales in inverse pro-
portion to the etching time of the unexposed samples (compare
Fig.l curve 'a' and Fig.2 curve 'a').

It is reasonable, therefore, to assume that GeS4 tetra-
hedra are soluble in alkaline solution with or without the
addition of SAS to it. That is why in the range of compositions
with higher Ge content (region-Il in Fig.l), the etching pro-
cess is not limited by diffusion. For this reason, in this com-
position range, the addition of SAS to The solvent has almost
no effect on the etching rate both of the exposed and the un-
exposed samples.

The Sb-S3 pyramids are soluble in alkaline solvent with-



318

out SAS, but become insoluble when SAS is added in suitable
concentration. What SAS actually does is to impede the diffusion
of the solvent molecules and to make the etching process diffu-
sion limited.

In this way, the presence of both soluble and insoluble
structural units in the amorphous Ge-Sb-S layers (in alkaline
solution with SAS) makes it possible to change the etching rate
at fixed solvent and SAS concentrations, by changing the rela-
tive content of those units. UV light induces such a change by
breaking the Ge-Sb bonds and forming additional Ge-S4 soluble
structural units. The region of highest degree of selectivity
(Fig.l region III) is the region of compositions where the con-
centration of soluble structural units is low enough to make
the etching process diffusion limited (for the given solution
and SAS concentration) prior to exposure. In the same time,
this is the region where the concentration of Ge-Sb bonds is
high enough, so that UV light illumination creates sufficient
number of additional soluble structural units to make the etch-
ing process not-limited by diffusion after exposure.

The proposed model for the photo-structural changes in
amorphous Ge-Sb-S thin films explains on common grounds both
the irreversible photo-bleaching and selective etching effects
whose parallelism is proved by experiment. Getting a further
insight into the kinetics of these processes will make it po-
ssible to develop a selective approach in determining the opti-
mum film composition range, solvent and SAS concentration, in
each practical situation.
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COPPER VAPOR LASER USED IN ETCHING AND DEPOSITION.

BELGACEM HABA, BRIAN W. HUSSEY, ARUNAVA GUPTA, AND ROBERT J. BASEMAN
IBH Thomas J. Watson Research Center Box 218, Yorktown Heights, New York 10598.

ABSTRACT

We have carried out experiments for etching manganese-zinc ferrite in
aqueous KOH solution using a copper vapor laser. The high repetition rate (5-10
KHz), the high peak power (- 250 KW), and the short pulse length (24-30 ns)
result in rapid etching of grooves with high aspect ratios. The depth of the
grooves increased with laser power and slower scan speeds while, the width was
limited to the laser beam focus. The etching process is believed to be purely
thermal in nature and limited only by the removal of the molten material out
of the grooves.

The copper vapor laser was also used as a source for projection deposition
of various metals on quartz substrate by a pyrolytic process. This system
achieved patterns with fine feature izos, good resolution, and metallic prop-
erties of the deposits. In this technique, both the spun-on organometallic films
as well as LCVD were tried.

INTRODUCTION

In the last decade, laser processing of materials for device and- packaging
applications has-been thoroughly explored, particularly the areas-of deposition
and etching. [1,2] There are primarily two modes of processing using the laser
as a photochemical or photothermal source. In one approach the laser beam is
focused down to a range of several microns which is then used for maskless de-
position and etching of materials by direct writing. In the second approach,
the laser beam is used In conjunction with a projection or contact mask for
deposition and etching of patterned features. In both approaches, a number of
processing steps related to conventional photolithographic processing are
eliminated, thus simplifying the overall fabrication of devices and packages.
In the -first approach the writing speeds for deposition and etching are gener-
ally limited in the range of a few-microns to a few hundred microns per second,
making the processes too slow to be considered for any large area patterning
applications. The second approach is, however, quite suitable to be scaled up
for large area processing, as has been demonstrated, for example, in the case
of via- etching in polyimide by laser photoablation.

For -projection -deposition- and etching, it is necessary to have a laser which
can provide a uniform and high power density beam over a large area. For this
reason, almost all the work which has been reported to date [3] using a
projection source has been limited to using a pulsed laser with a relatively
large beam size, like the excimer -laser. While the excimer laser is ideally
suited for etching of materials by rapid evaporation, or ablation, it is very
difficult to use it for deposition or controlled chemical etching of-materials.
The reason for this is the difficulty in restricting the surface temperature
rise to a range where deposition occurs but not ablation. To obtain a large
area, uniform, high power density laser source for projection, the copper vapor
laser is ideally suited.

We report the use of a copper vapor laser (CVL) for fast etching and for
large area -patterning- ot materials by projuctinig the beam through a mac. The
copper vapor-laser ( wavelengths of 511 and 578-nm) provides a relatively large
area beam (3-4 cm), with high average (30-40 W) and peak power ( -250 kW ),
short pulse length (24-30 ns), and high repetition frequency (5-10KHz). These
characteristics mak-i it well -suited for patterned deposition and etching of
materials using a projection mask. The temperature distribution produced-on a
substrate heated by a. copper vapor laser oscillates between a high and low
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temperature with each pulse, and the detailed modelling is- described in another
publication [4]. This is unlike a low repetition rate pulsed laser, such as
the excimer laser, where the temperature on the substrate would drop back close
to room temperature duo to cooling in between pulses of low repetition rate.

EXPERIMENTAL

In the case of etching, the unstable resonator configuration of the CVL
was used as the excitation source for the wet etching. The output was focused
to a minimum spot size of 100 pm diameter using a combination doublet and
meniscus lens. The sample ( in this case Mn-Zn ferrite ) was placed at the
bottom of a sealed glass reservoir and kept flat to assure that the ferrite
surface stayed in focus throughout the course of the scanning experiment.
Aqueous KOJI solution of variable concentration was circulated in the reservoir
using a peristaltic pump. The procedure of introducing fresh influx of solution
is used to dissolve the molten particles of ferrite as they leave the etched
grooves which otherwise would saturate the solution and obstruct the laser beam
path. The whole system ( reservoir and ferrite sample ) is mounted on a
computer-driven X-Y stage.

In the case of projection patterning, the CVL optics were modified to use
a stable resonator. The imaging was done by a combination of a 500 mm lens
followed by a 25mm air spaced triplet lens. In between the lenses we positioned
the mask and a mechanical shutter. The projected image through the mask was
reduced by a factor 10 to 30 depending only on the positions of both the mask
and the 25 mm lens. Also, a gas cell was designed with optical port for use
with various metallo-organic gases. This cell was mounted-on a X-Y stage com-
bined with a rotary stage to allow patterned deposition by a step and repeat
process, and to allow for easy alignment. When spun-on films were-used instead
of the metallo-organic gases, toluene and-chloroform were- used- to-dissolve away

4the-nonexposed regions leaving-the developed features of the appropriate metal.
In the case of etching, the lens focal point was positioned with a telescope

placed at 90 * to the laser beam and on a level with the ferrite surface. In
the case of pattern deposition, the same telescope was placed slightly off-axis
to-the laser beam, focused-onto the image plane.

RESULTS AND- DISCUSSIONS

As a first application-of the CVL, etching was performed on many-materials
in different concentrations of aqueous solutions of KOH. We report the-results
on the Hn-Zn ferrite ( MnO:ZnO:Fe203 = 30:17:53 mole per cent) etched in 8
molar solution. The ferrite was used here to compare -with earlier work done
with the argon ion laser. Figure I shows deeper grooves for lower scanning
rates and for higher laser power. -Within- the the experimental conditions, a
maximum volume rate of removal of lO 5cm3Isec was achieved at a speed of 0.1
cm/sec. Contrary to the argon laser, where the grooves have a bell shape and
depths increasing with widths, for -the -CVL, the width of the grooves is constant
or only slightly increasing with higher laser power or lower scanning speed.
In the case of the argon ion laser, the continuous laser source gives rise to
an-isotropic diffusion of heat in-the-sample, thus leaving a bell shaped groove
(5]. However, in the case of the CVL a pulse with a high-peak energy melts the
ferrite and removes a layer of the-material. When the pulse is off, the sample
-begins cooling off. When the second pulse arrives, it will strike the sample
at a deeper level than that -of the- original surface of the ferrite, and-more
removAo- Of Metmril occurs -and- so-on. As a result, -the gco-cs etched -by the
CVL -appear deeper and narrower with aspect ratios of ten or higher. A typical
CVL etched groove is illustrated in-Figure 2.j
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Fig. 1. Experimental data of the effect of laser power on
groove depth-scan speed -correlation.

Fig. 2. SEll micrograph of an etched groove in Ien-Zn
Ferrite material.
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The laser-assisted deposition is believed to be purely pyrolytic and was
tried both on spun-on films and from metallo-organic gas phase. Parameters
(such as thickness, absorption, and heat diffusion of the spun-on films, laser
fluence at the substrate, aid the exposure time), were found to be extremely
crucial for the deposition. In this report we give an overview of the feasi-
bility of the CVL process, a more detailed and syttematic work will follow.

Deposition from spun-on films was tried on quartz and sapphire substrates
from precursors such as silver neodcconate, palladium acetate, and Engelhard
Gold NW skin ink. One to five micron thick films were decomposed by laser after
an exposure time of 100 to 500 milliseconds depending on the type of precursor.
After the nonexposed regions were dissolved away, the projection of a desired
mask gave feature sizes of 20 microns without distortion, see Figure 3. Sur-
prisingly, shorter exposure times were required for larger holes in the mask.
This phenomena can be explained by the temperature gradient between the center
and the outer perimeter of the metal deposit. If the hole increases in size,
the gradient decreases and thus built-up-of heat in the center leading to higher
temperatures ( or shorter exposure time ).

Fig. 3. Micrograph of palladium dots on quartz
from spun-on-palladium acetate precursor.
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Deposition of gold from the gas phase (or LCVD) was tried on wide range
of substrates such as quartz, silicon wafers, and polyimide. Using the
dimethylgold hexafluoro acetylacetonate as precursor, Figure 4 shows -deposition
of 15 micron gold dots on silicon wafer. One to two seconds exposure time was
required before the gold began to deposit on both the quartz and silicon
substrates. This is so because of two competing mechanism in the two materials.
Because of its transparency to laser, quartz behaves in a non-linear fashion,
requiring a long exposure time before a threshold is -reached. On the other
hand, silicon has high absorption and heat conductivity. In the case of
polyimide, the laser power was reduced to less than I watt which pushed the
exposure time up to 60 seconds. The low power was required to avoid burning the
polyimide which has a melting temperature somewhat higher than the decomposition
of the gold precursor.

44

fj

Fig. 4. Micrograph of gold dots on silicon wafer
by LCVD.

CONCLUSION

The present work shows the feasibility of the copper vapor laser in both
the etching and the deposition processes. The high aspect ratio etching and
well defined deposition-were achieved -because -of the localized heating achieved
with the CVL. When- more work is devoted-to the CVLj this tool will prove itself
as a powerful candidate for manufacturing.
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EXCIMER LASER-ASSISTED ETCHING OF SILICON USING CHLOROPENTAFLUOROETHANE

S. D. RUSSELL AND D. A. SEXTON
Solid State Electronics Division, Naval Ocean Systems Center,
San Diego, CA 92152-5000

ABSTRACT

Laser-assisted photothermal chemical reactions have been observed with
silicon in a chloropentafluoroethane ambient using a KrF* laser at 248 a.
Etching occurs only i" the incident fluence exceeds the melt threshold (-0.75
J/cm2 , with the melt duration determined by observing the change in silicon
reflectance at 633 nm. Above the ablation threshold (-2.2 J/cm2 ) increased
surface roughness is observed. Etch rates -7 A/pulse have been measured using
both stylus profilometer and SEM cross-sectional techniques. The etch rate
dependence on incident fluence, ambient pressure, doping concentration, crystal
orientation and substrate temperature have been examined suggesting an
adsorption limited thermal process. This process allows single step patterning
of silicon devices in a non-corrosive environment.

INTRODUCTION

Noncontact, maskless processing is of widespread interest in the
microelectronics industry. Researchers -have been pursuing a variety of laser-
assisted processing techniques to modify materials used in this industry 1,2).
Laser-assisted etching of silicon has been examined under a variety of
halogenated ambients: chlorine [3-53, fluorine [63, nitrogen trifluoride (7),
xenon difluoride [8,9), and sulfur hexafluoride (10]. Typical etch rates -1
A/pulse have been reported for these ambients under a variety of conditions.

This study has examined the excimer laser-assisted reaction between
crystalline silicon and chloropentafluoroethane. This ambient is used as a
plasma etchant in the semiconductor industry, and both the chlorine and
fluorine atoms may spontaneously react with silicon. Incident radiation at
248 rm, above the absorption band of this halocarbon (11), allows for examina-
tion of photo-thermal effects without initiating photolytic decomposition.

EXPERIMENTAL

Experiments were conducted using an excimer laser operating at 248 nmwith
a KrF* gain medium. Pulse repetition rates up to 100 Hz were attainable with
pulse energies up to 650 mJ. The laser intensity profile was homogenized,
shaped and directed normal to the sample surface. Laser fluence was measured
using a pyrolytic detector and monitored by observing 'the change in silicon
reflectance at 633 rm. The FWHM temporal profile of the laser pulse was
typically 23 ± 2 nsec, with melt durations observed between 30 to 80 nsec
depending on fluence. Typical energy variations were ± 5 mJ corresponding to
0.125 J/cm2 of surface fluence.

Samples were placed within a UHV processing chamber where etchant and
purge gases were introduced with-mass flow controllers. Pressure was measured
with a capacitive manometer and electronically contro)led via a downstream
variable conductance connected to a turbomolecular pumping system. Stable
pressures within t 1% of the setpoint were achieved with this setup.
Tempwtture was monitorcd-with a platintm RTD attached to an OFHC (oxygen free
high conductivity) copper sample platen whose temperature was controlled
through a closed-cycle refrigerated recirculator. The platen temperature was
maintained within ± I K.

Mat. Res. Soc. Syrp. Proc. Vol. 158. 01990 Materials Research Society
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Etch depths were measured using both stylus profilometer traces and SEM
cross-sectional photomicrographs. Conversion to etch rates utilized the known
laser repetition rate and processing time. The etching ambient used was
commercially-available chloropentafluoroethane, minimum purity of 98%, supplied
as a liquified gas under its own vapor pressure.

RESULTS AND DISCUSSION

The etch rate as a function of pressure for silicon in a
chloropentafluoroethane ambient is shown in Figure 1. Both the fluence and
substrate (platen) temperature were kept at constant values, 1.8 J/cW

2 and 296
K, respectively. The sample was a single crystal silicon wafer fragment,
oriented in the (100) oriantation, boron doped p+ with a resistivity between
0.006-0.02 0-cm. At pressures below about 6 kPa (45 torr), no evidence of
etching was observed. Increasing pressure to -27 kPa resulted in a rapid
increase in etch rate, with a more gradual increase with higher pressures.

Etch Rate (Angstroms/pulse)

4.5-

4,0 0

30 00 00

25

2.0- 0 0

i-0 00 0~154

10 0
Ch loropentafluoroethane

05 0 296 K, 1.8 J/cm2, 80 Hz

00- 1
0 25 50 75 100 125

Pressure (kPa)

Figure 1. Etch Rate vs. Pressure

Figure 2 shows the etch rate versus laser fluence for a similar sample at
96.7 kPa (727 torr) of chloropentafluoroethane ambient and-constant temperature
(296 K). No -etching was observed-below the melt fluence, and a linear behavior
was observed as the incident fluence was increased toward the ablation
threshold (-2,2 J/cm2 ). The square data points were rnken with the inner at
80 Hz, the dotted line is a linear regression fit to these points exhibiting
a correlation coefficient of 0.97. This behavior can be explained by a 1D
thermal model where the increase in temperature is linearly proportional to the
absorbed surface fluence.

4
2
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Figure 2. Etch Rate vs. Fluence

Comparison between the etch rate of similarly doped (100) and (111)
silicon samples showed no significant difference under identical experimental
conditions. This is attributed to the etching reaction occurring while the
silicon is in -the molten state. The anisotropy of the etch is therefore
governed by both the incident intensity profile causing the melt and the
thermal diffusivity.

Examination of etch rate as a function of doping type and concentration
was performed using boron doped silicon with resistivity 0.006-0.020 0-cm (p )
and 1.0-2.0 O-cm (p), and phosphorous doped with resistivity 1.1-1.8 f-cm (n)
and 0.006-0.020 O-cm (n). Under the experimental conditions of 96.4 kPa, 285

-J K platen temperature, 0.8 J/cm2 at 50 Hz, the p+ Si sample exhibited a mean
etch rate of 6.8 ± 0.3 A/pulse. The p, n, and n+ type Si samples showed a
slightly higher etch rate of 7.3 ± 0.3 A/pulse. This difference is not
experimentally significant, and agrees with the results of fluriike et al. who
reported an etch rate independent of sheet resistance and type while etching
silicon with fluorine atoms photodissociated from NF3 [4). This was attributed
to the high Pauli electronegativity (4.00) of the fluorine atom allowing
adsorbed fluorine species to take valence electrons from the silicon surface
atoms independent of doping type. Note that these results suggest a mechanism
different than the photo-oxidation/reduction reactions observed for the fluoro-
silicon system which exhibit significant doping effects[i,12). This implies
that under the high fluence conditions used in this study, the most important
effect on the silicon reaction is thermal activation rather than a field
enhanced reaction.

Etch rate as a function of temperature is shown at 97.5 kPa (733 torr) and
1.05 J/cm2 in Figure 3. This experiment was performed at a laser repetition
rate of 20 Hz (3.84 W' to minimize the steady-state heating of the sample
caused by the duty cycle of the laser pulses. At 276 K an etch rate of 15.3
- 0.3 A/pulsp 5 observed, whL dcr...c- ith inCraSin & LuiuvaLure. Such
behavior is consistent with a B-E-T (Brunauer-Emmett-Teller) adsorption
mechanism with higher sticking coefficients at lower temperatures.
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Figure 3. Etch Race vs. Temperature
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Figure 4 shows the pressure dependence of the etch rate, with a dashed
line showing a B-E-T isotherm. This was obtained with the assumption of a
linear relationship between the etch rate and surface coverage. This suggests
adsorption as the primary etch rate limiting mechanism. However, since
physisorption bond energies are in the range 0.01 to 1 eV (van der Waals
forces) and chemisorption processes exhibit covalent and ionic bonds whose
energies are typically 1 to 8 eV, laser induced desorption via thermal heating
can not be ruled out as a coexisting phenomenon [13].

Figure 5 shows the etch rate versus laser repetition rate at a constant
sample (platen) temperature at 98 kPa (737 torr) and 0.80 J/cm. A dramatic
decrease in etch rate with increasing laser repetition rate was discovered.
This effect correlates with increased steady-state heating of the sample due
to the increased duty cycle of the laser. At repetition razes > 20 Hz, an
uncooled sample exhibits significant temperature rise in an ambient of -101 kPa
(typical processing pressure). At 100 Hz (0.8J/cm2 fluence per pulse) a
silicon sample rose to a steady-state temperature of 40 K above the ambient at
atmospheric pressure. The decrease in etch rate between a sample processed at
100 Hz compared to 20 Hz under identical conditions was nearly identical to
that of increasing the platen temperature 40 K (shown in Figure 3). This is
consistent with the rate limiting mechanism discussed above.

s Etch Rate (Angstroms/pulse)

7,0- C loropentafluoroethane

296 K. 98 kPa, 08 J/cm2
6.0

60"

40-

30"

2.

010,
0 10 20 00 o 40 0 o 70 80 '0 1o

Repetition Rate (Hz)

Figure 5. Etch Rate vs. Laser Rep. Rate

SUMMARY

Excimer laser-assisted etching of silicon has been observed in a chloro-
pentafluoroethane ambient with incident fluences between the melt and ablation
thresholds (-0.75 J/cm 2 < 4 < -2.2 J/cm 2). Etch rate increased with increasing
ambient pressure, while it decreased with increased sample temperature These
ettects are consistent with an adsorption limiting mechanism and possibly
coexisting laser induced desorption. This reaction-was insensitive to crystal
orientation and-doping concentration and type, implying a purely photo-thermal
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reaction. The linear dependence of etch rate with laser fluence is consistent
with tha proposed thermal reaction. Future experiments will examine the
reactants to elucidate the reaction or reactions involved.

Converting to an etch rate in units of angstroms/sec we note that no
significant advantage in processing time can be attained by increasing the
repetition rate above -50 Hz due to the rate limiting mechanism. However, the
etch rates observed in this study are substantially greater than the -1 A/pulse
reported previously for laser-assisted etching of silicon (below the ablation
threshold), and therefore the rate limiting mechanism is not a detriment for
practical processing. In addition, chloropentafluoroethane is a non-reactive
gas with all microelectronic materials, and therefore allowr the possibility
of etching silicon in a partially manufactured device without masking.
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LOCAL LASER INDUCED ETCHING OF COPPER FILMS BY CHLORINE

HUA TANG and IRVING P. HERMAN

Department of Applied Physics and Microelectronics Sciences Laboratories,

Columbia University, New York, NY 10027

ABSTRACT

A focused argon ion laser was used to induce local thermal etching of copper films

in the presence of chlorine gas. Raman scattering was used to follow the transformation of

the copper film in st to CuCI and CuCI2. In some regimes the laser only induced

transformation of copper to copper chloride, while in others the laser produced copper

chloride and also desorbed it.

INTRODUCTION

Laser-assisted dry etching of copper films is of interest because of the difficulties

encountered in other types of dry etching of this important electronics material, such as by

plasma etching. Recently, excimer laser assisted etching of copper films [1,2] was

examined, in which the laser was used only to desorb the copper chloride produced

between laser pulses by the reaction of Cu and C12 at the substrate temperature. In this

-paper, we report thatcw argon ion laser radiation can be used to produce local copper

chloride regions on copper films in the presence of chlorine, and sometimes to desorb this

product. Based on in situ Raman scattering analysis, CuCI2 is the dominant product

remaining on-ie surface in this laser-induced process. As a result of the different

temperature dependence of the rate of copper chloride formation and-desorption, two very

different etching regions are found to occur for some experimental conditions.

In an earlier study [3], we reported that at ambient temperature Cu films (with either

no oxidized layer or a several-A-thick oxide layer) react with C12 gas to form a film of

CuCI. In contrast, focused laser heating of a CuCl-on-Cu film (partially passivated) or Cu

film (passivated by a thicker oxide layer) on glass in the presence of chlorine induces a

different reaction [3]. Depending on experimental conditions, the result of this laser-

scanned reaction is a deposition-like-line, with cross-section resembling either a bump or a

bump with a tiench in the middle. After subsequent removal of chlorine, in AM Raman

spectra were taken of these features at-298 K. The presence of CuCI2 was determined by

its-strong,-sharpRaman-peak near 282cm 1 and-its-weaker peaks near67 and-556 c -n 1,

while a broad featureless peak below 250 cm-1 signified the presence of CuCI. In many

regimes, the CuCI2 peak dominates. After e sinu removal of the copper chloride by

Mat, Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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rinsing in hydrochloric acid, etched grooves remained in the copper with widths varying
from 3 - 20 gim. For Cu samples with a thick overlaying oxide, there was no reaction

between Cu and C12 at room temperature. This reaction was induced only by laser heating.

The relative importance of copper chloride formation and desorption during etching

passivated Cu rilms is studied here by laser heating of Cu films in the presence of C12.

EXPERIMENTAL METHODS

Copper films (- 1.5 im thick) were deposited on glass substrates by evaporation

and were then heated in air for 5 - 30 min at T = 150 0C to form a thick passivation layer
(passivated, - 100 -200 A copper oxide (as Cu20 [4])). Afterwards, these samples were
mounted in a vacuum reaction chamber, which could be filled with C12 gas. Once placed in

the reaction chamber, the sample was viewed with a microscope-through a-window port in
the chamber and was irradiated by a focused cw argon ion laser (4880 A, - 2.2 Pm full
width at l/e intensity, linearly polarized) for local laser heating and for Raman analysis.

The unpolarized backscattered Raman radiation was then collected, dispersed by a triple
spectrometer, and detected by an intensified diode array. The chamber was mounted on a
translation stage to allow lateral scanning during laser heating. After processing, features
were examined by profilometery.

RESULTS
Profilometry analysis was performed after laser etching,-both before and after the

samples were rinsed in 1.4 Molar hydrochloric acid. This procedure removed the copper
-" chloride but left the underlying Cu film alone. At the site of laser heating and localized

CuCI2 formation, removal of some or all of the Cu film is observed. Raman spectroscopy

was performed in sut, giving spectra such as that in Fig. 1, which shows CuCI2 with

some evidence of CuCI.
Figure 2 plots the depth of-the etched copper feature after laser scanning and

hydrochloric acid rinsing as a function of laser scan speed for laser powers of 200, 300 and

400 mW, with- 10 Torr chlorine pressure. When the laser power is lower-than about 200
mW, the etch depth decreases monotonically with increasing scan speed. Also, the copper

chloride line formed by laser heating has a cross-section of a bump with no trench, which

suggests there is no desorption of the copper chloride line during "etching". When the
laser power is higher than-300 mW, similar behavior is observed for slow scan speeds.

Howeverfor faster scan speeds the etched line depth now increases with increasing laser

scan rates. Lin-this iegime,-there is a significant desorption trench running down the middle

of the deposit-like copper chloride line. However,in no case is all the copper chloride

Il
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Figure 1. Raman spectrum (taken in vacuum using 20 mW 4880 A) of a copper

chloride deposition-like feature which was produced by using 70 mW of 4880 A radiation
to heat a 1.4 gtm-thick copper film for 1 min in the presence of C12 (1 Tort). The peaks at

167, 282, and 556 cm-1 belong to CuCI2, while the-broad peak below 250 cm - I shows

evidence for CuCI.
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Figure 2. The depth of the etched copper features after copper chloride removal for
200 mW (circles), 300 mW (squares) and 400 mW (triangles) using 4880 A-radiation

incident on a 1.6 .tm-thick copper film-on glass sample-(l5min oxidation-at 10 9Q) with

10 Tor" chlorine pressure.
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desorbed during laser heating. In particular, large deposits of copper chloride always

remain on either side of the scanned line. At very high scan speeds the etched line depth

again decreases.

In Figs. 3a and 3b, the depth of the copper etch is plotted as a function of scan

speed with different chlorine pressures for laser powers of 300 and 400 mW, respectively.

The change from a regime of decreasing etch depth and no copper chloride desorption at

slow scan speeds to a regime with increasing etch depth with some desorption at faster scan
rates is seen in many of these plots. As the pressure increases, this transition occurs at
increasingly faster scan rates. The maximum etch depth decreases more slowly with

increasing chlorine pressure at 400 mW than at 300 mW. Note that the initial copper film

thickness is slightly different for the 300 and 400 mW experiments.

ANALYSIS

With chlorine present, copper converts to copper chloride even with a relatively

emperature rise (- 30-K) due to laser heating. From these experiments, it is clear

th laser must heat the film to significantly higher temperatures for the second step of
etching to occur, which is the desorption of the product. The expected rates for copperIchloride formation as a function of temperature are plotted in Fig. 4 at different chlorine

pressures using the model presented in [1] (which has been extrapolated to higher
temperatures). The expected desorption rate of copper chloride is also plotted in this figure

using the data in [6]. As seen in this-figure,-when the chlorine pressure is 10 Torr, the

temperature must be > 630 K for the desorption rate to exceed the copper chloride

formation rate (7 ltm/sec). This-cross-over temperature decreases with decreasing chlorine
pressure (to 500 K for-1 Torr).

From Fig. 4 it is estimated that a temperature rise of - 300 - 400 K is required to

obtain the needed desorption rate of copper chlorides for a complete, one-step laser etching
process. The calculation of the steady-state surface temperature rise on an evaporated

copper film (1.5 pim thick) during laser heating[3] indicates that-with a laser power of -

400 mW, the maximum temperature rise will-be - 300 K. An incident laser power of 200
mW incident powei induces only a - 140 K rise on the copper film, which is too low for

the rate of coppe, chloride desorption to be competitive with the rate of formation.
However, even at higher laser powers where there is desorption in the center of the laser

heating area, copper chloride remains at the sides because the-temperature rise is lower
there.

This explains many of the observations, such as why there is relatively more

desorption-for higher laser powers and lower chlorine-pressures-in steady state. It also
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Figure 3. The depth of the etched copper features after copper chloride removal for

(a) 300 mW of 4880 A radiation incident on a-1.6 tm-thick copper film and (b) 400 mW of
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explains the observed dependence on scan rate. A given spot in the laser scan sees a

temperature ramp from ambient temperature to the maximum laser-produced temperature

and down again. The laser-induced temperature rise is in steady state for all scan rates used

here. The duration of this ramp is approximately the width-of the laser-produced-

temperature profile, which can be broader than the laser spot size [3], divided by the scan

speed. For a100 pim/sec scan speed this duration is - 50 msec. During a scan with high

laser power, the copper is at an intermediate temperature rise, where copper chloride forms

but does not desorb, before reaching the maximum temperature, where both copper

chloride formation and desorption can occur. For a slow scan, the dwell time at the

intermediate temperature might be so long that the copper chloride formed may be too thick

to be desorbed later. This does not occur for a fast scan.

Furthermore, once a copper chloride layer forms over the copper during the laser

scan, the overall process changes. The temperature profile changes with a copper chloride

layer on top, which may lower the surface temperature and slow desorption. The reaction

rate may also-change because the diffusion of Cu cations across the copper chloride-layer

depends on thickness and temperature [5,7]. -In the experiments described in Figs. 2 and

3,-the change from a regime with no copper chloride desorption at slow scan-speeds to the

regime with desorption at-faster scan speeds is accompanied by an increase in the copper

etch depth (though the dwell time is shorter). This can be explained by a decrease in the

formation rate of copperchloride when there is a copper chloride layer on the Cu. This

decrease may be due to a decrease in the laser-modified temperature profile attributable to

the overlayer or by the increasingly long Cu cation migration time across the layer.
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SELECTIVE SILICON EPITAXY FOR ADVANCED
DRAM STRUCTURES

GARY B. BRONNER
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ABSTRACT

In silicon microelectronics, memory cells and chips are used to develop the-most
advanced technology. In the-future these chips will require three dimensional structures
to achieve the needed density. This paper describes-the use of selective silicon epitaxy to
build truly three dimensional DRAM cells. The cell consists of a trench capacitor which
is overgrown with single crystal silicon. A transistor and isolation are then built above the
trench capacitor resulting in a cell- that occupies the- same area as the transistor alone.
Fully functional- memory cells-have been-built. The-results show that selective silicon
epitaxy-is a realistic candidate for building three dimensional silicon devices.

INTRODUCTION

The trend in-DRAM (dynamic random access memory) technology has shown an
increasing use of three dimensional structures due to the need-for both high capacitance
and small cell size. Most_1Mb DRAMs have been fabricated-with-planar capacitors, but
it is generally -recognized -that further- decreases in cell size will require-irench or stacked
storage capacitors[1]. This is seen-in the 4Mb and 16Mb cell arrays that have been pub-
lished[2, 3]. In the future additional use of this third dimension will be needed to provide
the necessary combination of stored charge and cell size. -Here work-is presented on the
use of selective silicon epitaxy to grow single crystal silicon over trench storage capacitors,
allowing the fabrication of-buried trench-DRAM-cells[4, 5].

Buried Trench Cell Structure

Figure 1 shows the steps-involved in the fabrication-of a buried trench DRAM cell.
Before patterning-the deep-storage trench a-Si3N4 fiim is deposited over a thin pad oxide.
This film is an etch stop-for removing the polysilicon-used to fill the deep trench. After
the polysilicon- is-etched back, this-same nitride-film is used to-provide a self aligned cap
oxide on top of the-trench. This structure is showa-in Figure la. At-this point-the nitride
and pad oxide are-stripped off,-leaving the-trench-with its cap oxide, surrounded by bare
silicon. With the exposed silicon area surrounding the trench as a seed, a perfect silicon
layer is overgrown on-top of the capped-trench. Since the lateral overgrowth rate-in-the
[100] direction-is the same as-the vertical growth rate, a self-aligned opening window on
top of the trench capacitor is achieved-by controlling the vertical epitaxy growth rate and
thickness (Figure Ib). Next -the cap oxide is etched so that a connection can be formed
-to the -buried- trench. One way of doing this is shown in Figure 1c, where a second
epitaxial growth is used to close off the self-aligned connection hole. A pyramid of
polysilicon forms overthe -xpuze .rench -polys.Con, bt. si.l .-- a1 silicon sfill-rows
laterally and in time buries the trench below- single-crystal silicon. After this the isolation
and -transistor-are- formed leading to the final-cell-structure shown-in Figure 1d.

Mat. Res. Soc. Symp. Proc. Vol. 158. ©1990 Materials Research Society
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Figure 1 Cross section of -storage trench- after (a) -self-aligned cap oxidation, (b) partial
epitaxial overgrowth, (c) second epitaxy step, and-Cd) full DRAM cell processing.
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SELECTIVE SILICON-EPITAXY

Selective silicon-epitaxy has been known for many years [6], but still has not re-
ceived wide acreptance. In recent years the advent of reduced pressure epitaxial reactors
has spurred a resurgence of interest[7], but questions -related to material quality have
persisted. The most troublesome aspect of the process is the tendency towards defect
formation when patterns are aligned in any-direction except the [100] direction[8].

The buried trench DRAM cell described here-attempts to use selective epitaxy in an
optimal manner. The two critical areas any such technology faces are selectivity and
material quality, especially-in regard to faceting. Our approach has no problems with se-
lectivity because the ratio of silicon to insulator is high, with the only insulators being the
cap oxides over the trenches. Faceting is also not a problem. The cap oxide over the
trench is flush with the original silicon surface. Because of this the orientation of the
trench capacitor does not constrain which planes grow laterally. Independent of the ori-
entation of the trench we find that (100) planes converge from all sides of the trench to
bury it.

Experimental Conditions

Selective- epitaxial films were grown-in a conventional barrel-type-reduced pressure
reactor. Unlike other work in the-literature which-uses SiH2CI2+ HCIl+H 2, -with the HCI
needed for selectivity[71,-we use SiCi 4+H2. This-cheriistry offers several advantages[9].
HC is -a difficult- gas to purify and can-introduce metallic impurities- into -the system.
When growing thin-epitaxial layers the lower grow-rates seen with SiCI4 make-it-easier to
control film-thickness. Additionally we-have found empirically that removal of HCI from-
the system-improves uniformity of epitaxial- growth from wafer to wafer and across a
wafer.

-Figure 2 shows growth rate data in an Arrhenius plot for the-SiC14 process at-40 Torr
and a flow rate of L88g/min of SiCI4. At temperatures less-than 9500 C the-growth rate
is strongly -temperature-dependent with an- activation- energy of 1.6 eV. Above that tem-
perature the growth increases more slowly as the-growth becomes mass transport limited.
In the lower temperature regime growth is-reaction-rate limited and -relatively- insensitive
to changes- in gas flow. For best uniformity we- chose to operate in this- reaction-rate
limited regime, typically at 900'C.

Operating atthis temperature guarantees that epitaxial-growth-is reaction-rate-lim-
ited-and-thus uniformity is a function only of -temperature- control, not-gas flow. -Figure
3 shows=a schematic cross section and SEMs of partially overgrown oxide patterns. The
SEM is-tilted at 700 so that one sees both the overgrown-oxide patterns incross section
and the self aligned holes -from the top. The-size of -these-holes can-be used as an indi-
cation of the uniformity of the epitaxy. Typically-we see films thickness are controlled to
better than 2% across a-5 inch silicon wafer.

Orientation Effects

The partial epitaxial overgrowth of the oxide-patterns in-Figure 3-also shows up an
important orientation effect. It is apparent that the overgrowth does-not mimic the shape
of the oxide patterns; instead it-is dominated by laterally-growing (100) planes. Since the
patterns-were aligned-in-a [1-10] direction, the-overgrowth initiates-from the corners and
grows in, resulting in a diamond shaped hole. The size of this-hole can-be related to the
or .alshap and thickness of the epitaxiai-layer by geometrical calculations. The self-

------ -----
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aligned holes have their edges rotated J5' from-the original trench shape. This effect is
critical for achieving best material- quality. Unlike other researchers who find that they
must orient -their patterns in-a [100] direction to achieve best -material quality[8], our
process allows (100) planes to grow independent of the original orientation- of our pat-
terns.

Figure 4 is a plane-view TEM photomicrograph showing this effect. A rectangular
oxide pattern has been partially overgrown. The-darkest area is the region of the oxide
pattern that has been overgrown while the bright region is that portion of the oxide pat-
tern that is not overgrown. One can see that along the [110] bounded oxide edge one has
very little lateral overgrowth. The thickness fringes show that an

Temperature (oC)
1050 1000 950 900 850

I I I I-I

1000

00
CD 100- SiCI4 + H2

P = 40 Torr

I I , I , - I- , I

.72 .76 .8 .84 .88
103/T (K)

Figure 2 Growth rate of SiCI4+H 2 process at 40 Torr as a function of temperature.
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Uniformity of Films and Holes
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Figure 3 Schematic representation (left) and SEM cross section (right) of partially over-
grown oxide patterns demonstrating the uniformity of the selective cpitaxy process.

r Oxide Pattern
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Laterally Growing--,
(311) Plane

1~
<110> Direction

Figure 4 Plane view TEM of partially vergrown oxide pattern showing the orientation
dependence of epitaxial overgrowth.
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inclined plane has formed and cross sectional SEMs show this to be a (311) plane. The
epitaxial overgrowth occurs primarily in the [100] direction, which means that for a pat-
tern oriented in the [110] direction, the overgrowth proceeds from the corners as seen
here. This limits the ability to overgrow long rectangles, but in reality is no problem, since
trench capacitors are typically small squares or rectangles.

Epitaxy Over Trenches

The growth of epitaxy over storage trench capacitors occurs in the same manner as
the simple oxide-patterns; independent of the original orientation of-the trenches (100)
planes converge from all sides to bury the capacitor. This is demonstrated in Figure 5,
which is an SEM cross section of storage trenches completely buried below 1.21m of
epitaxial silicon and then SECCO etched for defect delineation[10]. The defect etch has
removed most of the polysilicon inside the trenches-and would similarly attack defects if
they were present. As can be seen the trenches are buried with no voids and no defects
associated-with either the initial-silicon surface or the-point where planes from opposite
sides of the trench- converge- to seal- the- trench. Cross sectional TEM analysis- confirms
that trenches are buried-with -defect -free silicon. Another -noteworthy feature is the
planarity of the- surface -after the epitaxy, This-is a direct result-of the overgrowth -being
dominated -by- (100) planes. -Other planes lead to -faceting which can cause surface -to-
pography after epitaxial overgrowth.

Surface After Epi - - -

Original Surface -"

Figure 5 SEM cross -section of trenches buried- below 1.2pm of epitaxial silicon after
SECCO etching-to delineate defects. Note the planarity of the surface-and -the lack of
defects associated with the overgrowth.
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Table I. Generation lifetime measurements in epitaxial silicon and epitaxial silicon grown
laterally over oxide patterns. The data show that epitaxial silicon grown laterally on-top
of SiO2 is as good as epitaxial silicon grown over bulk silicon.

DIE Epitaxial Silicon Epitaxy Over Oxide

5,8 134.7itsee 52.4lpsec

8,4 90.2p[sec 47.51tsec

8,8 80.9isec 130.8gsec

7,8 72.9pusec 116.6ttsec

7,7 70.7psec 122.7lpsec

ELECTRICAL CHARACTERIZATION

Electrical measurements also show good characteristics. Electrical testing provides
a way of verifying the-material quality of-epitaxy grown laterally- over-a large number-of
trenches. With physical- analysis such as cross sectional-SEM or TEM one can-look-at a
handful of -trenches, while electrical- measurements allow one to study thousands of
trenches at a time.

MOS Lifetime

MOS capacitors were used to measure-generation lifetime in material grown over an
array of 5000 thin oxide layers patterned with the storage trench mask. The individual
oxide-patterns were 1.0tm x 1.2Am-while the MOS capacitor had an area-of -230ptm by
415pim. Typical data arc presented=in Table 1. As can be seen, lifetime over the array
of oxide patterns is the same as in the -material grown over unpatterned silicon- and is
uniformly high. Results over actual storage trenches are comparable. The patterns in this
experiment-were overgrown with 1ptmn of silicon, so the capacitor could not deplete down
to the buried oxide. Depletion layer-depths were typically 0.5pLm. This is strong evidence
that the-material grown over the oxide patterns is of -high quality, since any defects would
create generation centers in the depletion -layer and degrade the -lifetime. For both-the
cases listed in Table 1, the measured lifetimes-are greater than values- typically seen in
blanket epitaxial-silicon grown at higher temperatures[1 1].

Diode Leakage

Large diodes have been built over an array-of 5000 storage trenches. An n-well was
implanted and p+ junctions-were formed in the n-well directly above the trenches. Figure
6 shows leakage current measurements of diodes with and- without buried storage
capacitors. As can-be seen- the-presence of the buried storage capacitors has no effect on
the diode leakage, which in both cases is 0.2lfA/um2 .

I
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Figure 6 Leakage current of 415pum x 230pm p+-n diode with and without 5000 buried
trenches. Each-trench was rectangular-with dimensions 1.2pim x 1.Om.

Transistor Characteristics

The measured characteristics of-transistors made in the epitaxial films are shown in
- Figure 7 and are essentially identical to submicron MOSFETs fabricated in a conventional

substrate. The transistors plotted are long channel devices, L=20.pm. The apparent
electron and hole mobilities, measured from long-channel devices, are about 405 and 120
cm2/Vsec, respectively. Transconductances for NFETs and PFETs ranging around 103
mS/mm-and-53 mS/mm, respectively, are measured for effective channel lengths of 1.0
pm with a drain bias of 3.5 V and-a gate-bias-of 3.0 V above threshold.

BURIED TRENCH-CE,, FABRICATION

To prove the feasibility-of the Buried Trench concept a special test site was designed
allowing-the integration of these cells into a submicron CMOS-process. Storage trenches
were fabricated in a conventional p-/p+ substrate and the process steps outlined in Figure
I were performed. A cap oxide was formed over-the trenches and they were then buried
with the two step epitaxial-process. From that point, isolation was formed using conven-
tional local oxidation techniques,-and NMOS and-PMOS transistors -were using 0.85pm
design rules. The completed cell is shown-in Figure 8. The cells are-fully functional with
the smallest cell- fabricated using-less than 10.8 -lithographic squares and having-an area
of 7.8 /m2. With improved lithography and processes such as a self-aligned bitline contact
and/or-smaller oxide isolation,-the cell area can be-further reduced toward use in 64Mb
DRAMs or beyond.
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Figure 7 Transistor characteristics of long channel (a) NMOS and (b) PMOS. Both have
W=L=2Opim, gate oxide-thickness of -125,&, aad-O.2pm deep junctions.
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Cell Cross Section
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Figure 8 SEM cross section of Buried Trench DRAM Cell.

CONCLUSIONS

Selective silicon epitaxy offers the -possibility- of building truly three dimensional
silicon structures. A novel DRAM structure, the -Buried Trench-DRAM cell, has- been
proposed and demonstrated. This structure uses selective silicon epitaxy in an optimal
manner. The implementation offers-intrinsically high selectivity due to the ratio of silicon
to-insulator during the growth-and shows excellent material- quality. The-high material
quality is a direct result of overgrowth by (100) silicon planes. The cell structure has been
designed so that this occurs -independent of the original orientation of the trench
capacitors. High lifetime and low diode leakage have been- measured in silicon grown
laterally over oxide patterns and storage trenches, indicating that this technology is indeed
suitable for DRAMs. Fully function-DRAM Cells have been-fabricated showing that se-
lective silicon epitaxy does provide the high leverage needed to scale future generations
of DRAMs.
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SELECTIVE EPITAXY OF Al.Ga ,As AND A1xGal.xAs BASED STRUCTURES
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ABSTRACT

Selective epitaxy of AlxGa1.As by MOVPE was accomplished using diethyl
gallium chloride and diethyl aluminum chloride as the metalorganic precur-
sors. Selective epitaxy was achieved for Al containing compounds under
certain growth conditions, but AlAs growth was not selective. Quantum wells
were selectively grown on masked substrates and unpatterned GaAs wafers; QW
luminescence was observed -from all samples. Additionally, near gap
luminescence was observed from Al.Ga1-,As hete-ostructures over the entire
550 °C - 850 °C growth temperature range. The ternary alloy composition
was found to be a strong function of the gas phase compositior aJd growth
temperature. A simple thermodynamic model explained the depend'nce of growth
rate and composition on these parameters.

INTRODUCTION

The growth of epitaxial semiconductor layers on specific regions of a
substrate is advantageous for several device applications. This technique,
referred to as selective epitaxy (SE), has been advanced primarily for Si
technology, where, for example, isolated pn arrays have been successfully
fabricated.(1) Recently, truly selective area growth of GaAs has been
demonstrated.(2) However, the selective area growth of ternary III-V semi-
conductors, especially Al.Ga1-,As, is difficult to achieve in conventional
metal-organic vapor phase epitaxy (MOVPE) when using the usual Ga(CH3)3 and
Al(CH3)3 growth precursors. While these precursors do produce excellent ma-
terial, they promote conformal deposition of the AlxGa1,As. This result is
due to the inherently high supersaturation of the precursors and the lack
of a suitable etching or back reaction. The hot wall halide Vapor Phase
Epitaxy technique (VPE) is suitable for the SE growth of at least GaAs(3).
In this technique, the formation of GaCl is achieved by passing HCl over a
Ga metal source upstream from the substrate. The halide is transported to
the substrate and promotes the deposition of GaAs. This technique is also
used to grow Al Ga1.As via an Al-Ga metal source although VPE Al.Gal.-As is
not necessarily selective. Drawbacks of the VPE method for the growth of
Al.Ga1.,As include: the i.,nomogeneous metal depletion of the source, the
strong dependence of the epilayer composition on the source temperature and
thickness, and the presence of excess HCl in the gas stream with which ACl
reacts to form AlCl. a species that does not form AlAs at typical growth
temperatures. An additional limitation involves the reaction between the
hot quartz wall and the AlCl. This halide attacks the wall and Si from the
quartz is transported through the gas phase and into the epilayer. Unin-
tentional Si doping up to 101scm -3 attributable to this effect has been
reported(4). Such a high background impurity level severely limits applica-
tions for Al.GalxAs obtained from halide VPE.

Recently, the selective growth of high purity (n<10-6cm-3) GaAs in a typ-
ical MOVPE reactor using Diethyl Gallium Chloride (DEGaCl, (C2Hs)zGaCl ) has
Mat. Rea. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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been successfully demonstrated.(2) In this presentation, the use of this
novel chemistry has been extended to Al.Ga2.xAs growth, using DEGaCl and its
counterpart, Diethyl Aluminum Chloride, (DEAlCl, (C2Hs)2AlCl). With this sys-
tem, the benefits of MOVPE (controlled reactant introduction, cold wall
system) and halogen VPE (selectivity, near equilibrium conditions) are com-
bined. Single heterostructure layers and GaAs quantum wells (QW) were grown
with this chemistry. The layers were characterized and a model was developed
to show that growth is controlled by thermodynamic factors.

EXPERIMENTAL PROCEDURE

DEGaCl and DEAICI were introduced into a cold wall chamber with AsH3 and
Pd-purified H2. The system was operated at 0.1 atm with estimated mole
fractions of DEGaCi and DEAlCl ranging from 1.5xi0 "' to 2.2xI0 "6 and a V/Ill
ratio of 30 for growth of AlGa,.,As heterostructures. The binary AlAs was
also grown, with a DEAICI mole fraction of about 2.7xI0-4. All layers were
grown on bare GaAs wafers and SiO2 and Si3 N4 coated wafers which were pat-
terned to introduce arrays of windows of various shapes to the GaAs
substrate. The growth temperature ranged from 550 to 850 *C. The GaAs
quantum wells (QW) were grown at 700 *C. The structures were characterized
with Double Crystal X-ray Diffraction (XRD) and Photoluminescence (PL). The
XRD apparatus used (400) reflections and Cuk. x-rays with the reference GaAs
crystal and the sample crystal in the (+,-) configuration. The PL was excited
with an Ar+ laser and analyzed with a 2/3 m spectrometer and a
photomultiplier detector. The spectra were recorded at T = 2.8K.

EXPERIMENTAL RESULTS
SELECTIVITY

AlAs could not be grown selectively even at 800 *C. However, Al.Ga1_.As
could be grown selectively over a suitable range of composition and growth
temperatures. Increasing the relative DEGaCl mole fraction improved the
selectivity as did increasing the growth temperature. Growth of the quantum
well structures was also selective. The properties of the layers were ana-
lyzed with XRD and PL.

X-RAY DIFFRACTION
' ' 3ubstrat

The AlGaj-,As heterostructures -TGr = 600 0c
exhibited rocking curves that -- T,,= 700 °C
matched those predicted by
kinematical modeling(5). Compar- r
ison of rocking curves from sam- T
ples grown at different -

temperatures (same conditions Epilayer Peaks
otherwise) showed that the Al
fraction increased non-linearly
with growth temperature. This be-A-200 -150 -100 -50 0 50 00
havior is illus .r.ed n Fig.1 AB
where rocking curves from samples
grown at 600 and 700 'C are shown. Figure 1: Rocking curves of A15Ga1.,As
In general, the area under the layers grown on GaAs at 600 'C and
epilayer diffraction oeak de- 700 'C.
creased with increasing growth
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temperature, showing that the epilayer thickness decreased. This behavior
contrasts the situation for MOVPE with alkyl precursors where the Al mole
fraction had been found to be relatively independent of growth temperature
over the temperature range used here.

PHOTOLUMINESCENCE

The samples generally possessed strong near gap luminescence. Composition
detemination, using EPL= 1.512 + 1.455X(6), where EPL corresponds to the
near gap luminescence emitted from the epilayer, was consistent with the
composition found by XRD. Representative PL spectra are shown in Fig.2.
In MOVPE material grown with alkyls, luminescence was generally observed to
degrade as the growth temperature is reduced. This behavior has been at-
tributed to the incorporation of oxygen or deep luminescence killers at low
temperatures(7). With the present growth chemistry, however, near gap
luminescence is observed even at the lowest growth temperature employed, 550
°C, as is shown in Fig.2. In contrast to MOVPE with alkyl precursors, the
luminescence decreases as the temperature increases. This may be due to the
reaction of the Cl-based precursors, most probably AlCl, with the masking
SiO 2  which could lead to subsequent oxygen incorporation. Such an etching
reaction would be accelerated as the growth temperature is increased.

Luminescence from QW structures, grown at 700 °C, is displayed in Fig.3.
The luminescence from the AIGa1.,As layers was stronger on the patterned
pieces than on the bare wafer with the highest energy peak corresponding
to A,10 30Ga0.7oAs. The QW luminescence from the epilayer on the bare substrate
was fairly sharp (27 meV) but the QW luminescence from the patterned wafer
is much broader. This broadness partly results from non-uniform thickness
of the GaAs well. Such conditions may arise if the growth of Al.Gaj_1 As is
not as strongly orientation dependent as GaAs.

-i I i . - 0
. - 2,8K

03 T, - 8

MO cc'.. / /

2 . ......

820 1 2

5500 6000 6500 7000 7500 800 8500 5500 0o0 6500 7000 7500 8000 8500

A (A) X (A)

Figure 2: Photoluminescence spectra Figure 3: Luminescence from QW

of samples grown at 550 -C, 700 C structure. The patterned piece ex-

and 850 °C. hibits broader QW luminescence and
more pronounced AIGa,-.,As
luminescence.
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THERMODYNAMIC MODEL

Thermodynamic growth models had been used to explain growth trends ob-
served in the halide process for both Al.Ga-,As(8) and InGa1.As(9) In those
cases, however, the lack of knowledge concerning the source conditions lim-
ited the predictive powers of the models. In the present case, the initial
gas phase constituent concentrations are known, thus improving the reli-
ability of a model based on knowledge of the initial conditions. Although
a supersaturated flowing gas systcm that promotes the precipitation of its
gas phase constituents is not an equilibrium reaction, the general trends
observed in both Si(lO) and Ill-V (8,9) -epitaxy involving Cl-containing
species had been successfully accounted for using thermodynamic arguments.
In this experiment, the ability to grow selectively suggests that the growth
is near equilibrium, i.e., the supersaturation of the DEGaCl and DEAlCl is
not so great so as to promote nucleation on the masking -material.

In this spirit, a simple thermodynamic model is proposed to explain both
the composition and growth rate changes with temperature. In this model,
certain assumptions are made. The first, of course, is that the growth front
is at equilibrium. This is equivalent to assuming that there is no transport
limitation in the supply of nutrients to the growth front. Second, the
growth of Al.Ga1,As is treated as the independent formation of AlAs and GaAs.
The plausibility of this assumption is supported as the V/Ill ratio :> 1,
indicating that the metal-containing precursor limits the extent of the re-
action, and because AlGaj.,As behaves as an ideal solution under these growth
conditions(I). Third, it is assumed that the DE(Ga,Al)CI precursor cracks
in the gas phase to inert hydrocarbons and (Ga,Al)Cl and that the arsine
cracks to form As4 . The overall reactions governing the growth of GaAs and
AlAs are

GaCl(g) + l/ 2H2(g? + 114As 4(9) > GaAs(s) + HCl(g)

and

AlCl(g) + 112H 2(g) + 114As 4(9 )< AlAs(s) + HCI(g)

The equilibriums established are

aGaAs(Plc1 + x)

(P aci - x)(PAs - -. 5x) 05(P s 0. 25x)0 25

and

aA1As(PRCI + Y)

(PRIcI - Y)(P1 2 - O. 5y)0 5(P 4 - O. 25y) ° 26 = KAIAs

where Ph,, spees corresponds to the input gas species partial pressures, x
and y are the amount of GaAs and AlAs deposited, respectively and K is the
equilibrium constant for each reaction. The equilibrium constant for GaAs
is derived from data by Kirwin(12) while that of AlAs was obtained from JANAF
data(13). The activities of the solid phases are set to one and the amount
of GaAs and AlAs produced (which equdis the amounts of GaCI or A!CI reacted,
x and y in the above equations) are determined as a function of temperature.

Fig.4 displays the thermodynamically predicted composition and experimental
data. The upper line corresponds to a solution to the above equations using
the input partial pressures of the reactants and the error bars correspond
to a ± 5% uncertainty in the enthalpy of the reactions. The difference
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between -the data and the model values can be due to several factors. For
example, the vapor pressure of GaC1 at room temperature is not well known.
If this value is greater than that reported by the manufacturers, a shift
in the model predictions will result. For example, the lower line corre-
sponds to a higher Pec (!)y about 40%) which gives almost identical compos-
itions as found experimenta1ly. Even without such manipulation, the good
fit between the experimental data points and the model predictions reinforces
the hypothesis that thermodynamic factors control the composition of the
ternary using the DE(Ga,Al)Cl growth chemistry.

-An alternate consideration of the dependence on temperature compares the
growth rate of each species (which can be predicted by comparing the
supersaturation of the species). For these experimental conditions, the ACl
is always in very high supersaturation over the entire temperature range
and thus, the observed growth of the AlAs does not change with temperature.
For GaAs, however, the reaction of GaCl to GaAs goes nearly to completion
at low temperature (500 °C) but is negligible at higher temperatures (800
°C). Relative growth rates for these species are illustrated in Fig.5.
Experimentally, the growth rate of the Al0 Ga_-As was t0.017, 0.014, and
0.Oll0pm/min, at 600, 700, and 800°C respectively. The ratio of these
thicknesses compares favorably to the prediction displayed in Fig.5, indi-
cating that the reduced growth of GaAs reduces the total film thickness and
increases the Al mole fraction of the layer.
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0.8 - 0 ok s (16gher I1eO ,

E .4
7 10-6

MM~

0.2

004- 10-

0o II 0f- !

400 500 600 700 800 900 500 600 700 800 900

Temperature ('C) Temperature (0C)

Figure 4: Changes in Al composition Figure 5: Growth rate of AlAs and
vs. temperature according to the GaAs determined by the equilibrium
equilibrium model. The experimental calculations descibed in the text.
data tracks the predicted composi-
tion values.

The model indicates that the lack of AlAs selective growth, in the entire
temperature range studied, results from the extremely high ACl supersatu-
ration. This high supersaturation promotes nucleation on the insulating
field as well as in the GaAs window; similar behavior is observed for
alkyl-based metalorganic precursors. It is conjectured, however, that AlAs
growth here would exhibit selectivity at higher temperatures. Furthermore,
based on the trends illustrated by the thermodynamic model, it is also ex-
pected that the growth of GaAs will not be selective at lower temperatures
where the GaCl supersaturation is nearly 100%.



356

The model does not take into account the formation of other species such
as AIC13 or the effect of the production of HCI on downstream deposition.
This latter consideration impacts the overall growth uniformity. Future work
will address these issues as well as the overall reaction involving the
formation of a ternary semiconductor without the constraint of independent
binary growth. For example, the production of HCI from the AlAs formation
will reduce the growth rate of GaAs. Based on these thermodynamic consid-
erations, the conditions for selective growth will also be explored.

CONCLUSION

The selective epitaxial growth of the Al.Gal-.As system has been demon-
strated in a conventional MOVPE reactor using novel growth chemistry. Good
luminescence and the physical integrity of these layers was observed; quantum
wells grown selectively also show promise for future device applications
involving this growth chemistry. A thermodynamic model was used to describe
the growth parameter dependences of thickness and alloy composition. Rea-
sonable agreement between the model and experimental results strongly suggest
that thermodynamic factors control many aspects of the growth within the
AlGajxAs system utilizing this growth chemistry.
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SURFACE REACTION MECHANISMS IN SELECTED AREA EPITAXY OF II-VIs
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ABSTRACT

Laser-induced selected area epitaxy of CdTe thin films on GaAs substrates has been
investigated and the role of vapour phase and surface reactions considered. Photo-enhanced
growth rates of CdTe have been measured as a function of UV laser int-nsity and as a
function of Cd to Te alkyl- ratios. The growth rates are not simply determined by vapour
phase photo-dissociation but also by a photolytic reaction on the surface. The latter
enables good pattern definition where the growth rate is- enhanced by the incident uv
'radiation. The factors that determine the -photo-enhancement are considered in the light of
the Langmuir-Hinshelwood model.

INTRODUCTION

Photo-enhancement of epitaxial film growth rates using ultraviolet (uv) radiation has
been attributed to the enhanced decomposition rate -of the organometallic precursors [1].
This can arise from photon absorption in the vapour resulting in photolysis, or absorption
in the substrate with sufficient energy to enhance pyrolysis [1,2]. Pyrolysis can be
enhanced using a pulsed- laser source or focussed cw source -to -bring about- heating of the
substrate. The- objectives of the present work are to use low intensity- cw radiation so that
the heating effect- is negligible and to investigate photolytic reactions that can lead to
patterning of II-VI semiconductor thin films. Earlier work in our laboratory has shown the
potential for patterning of CdTe epitaxial films in this way [3,5]. In-situ- diagnostic
techniques such as time resolved reflectivity -(TRR) [4-6] have been developed to
investigate the growth process. TRR has enabled the precise measurement of growth rate
at a predetermined position on the substrate and at- the centre of the Gausian laser beam
profile [5]. Photo-patterned growth of epitaxial-. films could be -a key process for in-situ
fabrication of devices in I-VI materials such as arrays of mercury ccdmlum telluride
(MCT) infrared detectors. However, the usefulness of this process will -be determined by
the ability to control the photo-enhancement process and achieve sufficient pattern-
definition. This paper considers in greater detail these surface photolytic reactions and
ways in which they may be enhanced.

EXPERIMENTAL

The growth experiments were carried out in a horizontal MOVPE reactor with a
silica window and separate purge flow described previously [5]. The precursors were
electronic grade dimethyl cadmium (MeCd), with either diethyl telluride (Et 2Te) or
dimethyl telluride (Me 2Te) and molecular sieve dried helium carrier gas. Substrates were
GaAs (100)2"-+(110) supplied by ICI Wafertech. The substrates were etched for five
minutes in a 5:1:1 solution of H2SO, : H 20 2 : H 20. Epitaxial growth was preceeded by
a 10 minute heat clean in pure hydrogen at 350"C and the growth of a CdTe nucleation
layer approximately 1000A thick. Layers nucleated in this way were assessed using an
x-ray texture camera and found to be epitaxial [4,51.

An intra cavity frequency doubled argon ion laser with cw output of 100 to 150 mW
at 257nm was used for photo-excitation. A 2mW HeNe laser was us.ed for in-situ
monitoring of growth by the TRR method [5,61. The experimental arrangement is shown
in Fig I with the uv laser beam illuminating the; substrate prepeiadicunarly and the HeNe
beam reflected from the surface, For photo-patterning experiments a silica lens and mask
are inserted in the uv beam above the silica window.

RESULTS AND DISCUSSIONS

Growth rates for Cd1e have been measured as a function of uv intensity using TRR.
A comparison was made between the tellurium precursom Et2 Te and Me2 Te to help

Mat. Res. Soc, Symp. Proc. Vol. 15t. ©lf09e Materials Research Soctety
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illucidate photo-enhancement

caOW behaviour. The precursor
partial pressures were 1.3 Torr
Me 2Cd, 0.6 Torr Et.Te and
0.7 Torr Me 2Te. The growth

u/N. A rates plotted in Fig 2 all show
a sub-linear dependance on uv
intensity ranging from 10. s at
300*C to 10.75 at 250*C.
Growth rates at 250'C do not

- show any significant difference
between Et 2Te or Me 2Te.
Measurements of absorption
cross sections by Hails et al
[7] for Et 2Te and Me 2Te at

rcom the laser wavelength of 257nm
were 0.091A and o.11gA
respectively. This, combined
with the slightly higher inlet
partial pressure for Me 2Te,

Fig 1. Reactor cell for laser-epitaxy of CdTe would be expected to give a
with TRR diagnostics higher yield of Te in the

vapour. The vapour phase
concentrations of Te and Cd have beer calculated from %hich the diffusion limited growth
rates have been estimated as a function of uv intensity. As the decomposition process is
photolytic, the estimated growth rates only show a small variation between 250'C and
300'C. The calculated, diffusion limited, growth rate is shown as a broken line in Fig 2,
and is proportional to uv intensity. The experimental growth -rates differ in three respects,
(a) the growth rates at 250'C and 300"C are significantly different, (b) the function of
growth rate with uv intensity is different and (c) the growth rates are lower than the
diffusion limited values over the range of intensities 5mW/cm 2 to 90mW/cm 2. These
results indicate that growth rate is limited by surface kinetics.

Fig 3 shows a

C.o - comparison of growth rates at
8.0 250*C measured with (a) a
8. continuous HeNe beam and (b)
5.0/ a chopped HeNe beam. The
,0 20C Et./ growth rates measured in the
30 0 continuous beam are

Me 300TC T / significantly higher. The 633nm

0 2.0 - 0 26WC wavelength beam is absorb)ed in
/ the vapour and therefore could

/ 0 not contribute to the vapour
0./ photolysis yield. The estimated
0.8 / intensity on the surface was
0.7 /0mW/cm 2 for the continuous
0.4 / beam, approximately 60% of

0.4 / )which would be absorbed. The
0.3 absorbed photons could help to

enhance growth rate by charge
0.2 transfer aided desorption of

reaction products [8].

0.210 ,0,, , 080.. Enhancement of growth rate
1 2 4 a a 10 20 40 0 8o0100 for photon energics gr-ealcr

UV INTENSITY mW/ cm than the band gap have also
been observed by Fujita et a!
[9] for ZnSe growth.

Fig 2. CdTe growth rates as a functiot of uv intensity Micrographs of the CdTe
(at 257nm), the predicted transport limited surface after experiments with
growth rate is shown as- a broken line
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chopped and continuous HeNe beams are shown in Fig 4. Fig 4(b) shows some roughening
where the continuous HeNe beam was incident on the surface. This was seen every time a
continous beam was used but rarely occured with the chopped beam.

2.0 0 CONTINUOUS HoNo BEAM

0 CHOPPED HoN, BEAM

. 1.0
0.9
0.8

w 0.7

S0.0

05

I- 0.4

0
g3:

03

0.2

0.1 t t I

1 3 4 5 6 7 8910 20 30 40 50 60708090100

UV INTENSITY mW/cm

Fig 3. Comparison of growth rates, between chopped and continous HeNe laser beam
used for reflectivity experiment. The substrate temper ,ture ;was 250"C and the
precursors used were Me 2Cd and Et 2 Te.

A requirement for setected area
photo-epitaxy is that the photolytic growth
rate is much greater than the pyrolytic
which can be expressed as the
photo-enhancement factor [3]. The data in
Fig 2 are shown replotted, as
photo-enhancement, in Fig 5. The main

- ,difference with the growth rate plot is the
widely differing photo-enhancement factors
at 250"C for Me 2Te and Et 2 Te. The

(a) photo-enhancement factors for Me 2Te are
- - - higher because of the lower pyrolytic

growth rates; consistent with its greater
thermal stability,

Growth rates have also been
determined as a function of Cd:Te alkyl
ratio for photolytic and pyrolytic growth.
The data shown in Fig 6 comparises
pyrolytic growth at 320"C using Et 2Te
(0.66 Torr), photolytic growth at 300'C
using Me 2Te (0.67 Torr), at a low uv
intensity of 31mW/cm 2 ; and at 320"C with

(b) a higher uv intensity of 110mW/cm 2 The
pyrolytic growth and low uv intensity show
a saturation in growth rate above an alkyl
ratio of 2. The growth rate at the higher

Fig 4. Micrographs of WdTe surface after uv intensity continues to rise up to the
growth with (a) chopped and (b) highest ratio measured of 4.35.
continuous HeNe beam
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Modelling of surface kinetics
100 o Et Te aI250

s Et2To ,t 3WC The functions of growth
4. UsjTet250 rate with uv intensity and

60A M2T.rst30o al Cd/Te alkyl ratio can be
0 40 modelled assuming surface
"  kinetically limited growth. The

Langmuir-Hinshelwood model
- A has been used by previous

o authoers to describe the surface
w= kinetic processes in MOVPE
10 growth of 11-VI's [10,11]. This
s model can be modified to

1 a - include photo-decomposition of
o the precursors, site blocking

A from reaction products and
0 laser assisted desorption of

2 these products.
Firstly, allowing for

photo-decomposition and
,__ _ _ _ _ _ _ _ _ assuming that the reactant

2 4 6 a 10 20 40 60 60210 species on the surface are Cd
UV INTENSITY mW/cm' and Te, the elemental partial

pressures can be equated to the
alkyl partial pressures.

Fig 5. Comparison of photo-enhancement factors for
CdTe from the precursors Me 2Cd with Me2Te
and Et 2 Te at 250"C and 300"C

0 320 C 11 W/C.
L A 320 C th .. , 1 ,Ct 1 T.

a 0 200 C 21W'

\0

I-

a 2 41 4

Ccd/To RLKYL RATIO

Fig 6. CdTe growth rate as a function of Cd/Te alkyl ratio for Te alkyl partial pressures
given in text.

PCd = k' 'PMe 2 C (I)

y: II.
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PTe =  PM 2TC (2)

Where k, and k2 are rate constants for photo-decomposition, I is the laser intensity and
v the flow velocity. For independent adsorption on the group II and group VI sites, the
Iangmuir-Hinshelwood equation can be written as follows.

kflCdOTe PMe2Cd PMe2TC 12
R = (1+ 7 'PMe2a (I+,Y1 PMe2T0) (3)

where R is the growth rate, k is a rate constant, 3Cd and OTe are ratios of rate constants
for adsorption and desorption for Cd and Te respectively. The factors y, and y2 are
defined as follows:

71 = L_ (4)

and

7'2 Oak 7V5
v

It can be seen from equation (3) that at low intensities R c 12 and at high
intensities R saturates and becomes independent of I. It can be assumed -that for the
regime of intensity and alkyl vapour pressures for the -data in Fig 2 that the sub-linear
dependence on- I- is closer to -the saturation limit.

Howevcr, the behaviour with Cd/Te alkyl ratio cannot be explained by the simple
model given in equation (3). For a leveling off of growth rate with PMC2Qc
3IlPM12Cd >1. This will occur at a lower PMeaCd for higher values of I, the opposite
behaviour to that- observed in Fig 6. This behaviour can be -explained if a third, site
blocking, species -is introduced-on the surface. This-could be -free radicals such as CH*, or
C2H; released from photo-decomposition of the alkyls. For simplicity of calculation just
radicals -released from Me 2Cd will -be introduced here, the -qualitative results are the same
as those derived- from including -all -radicals. The partial pressure of the blocking species
Pb, by analogy -with equations -(1) and (2), is

k3
Pb =- IPMe2Cd (6)

v

Assuming adsorption onto both Cd and Te sites, equation (3) can be modified as
follows:

kICdPTe PMe2Cd PEt2Te 12
R = (7)

(1 +'PM2Cd (7 I+3 ))( +'(.y2 PMe2Te+' 4 P Me2CdJ))

(Cd)

where IJ - (8)
v

(Te)

and (9)
V

(Cd) (Te)
,&e wd &e are thc ratios of adsorption to desorption of methyl radicals on Cd and Te
sites respectively. If photon absorption on the surface assists desorption of the site blocking
Mi radicals then y, becomes an inverse function of intensity. The criterion for levelling
off of growth rate with increasing PMC2rd is now 1PMC2Cd 0' if+ a) > 1. If at low
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intensities y 3 is dominant over 7 1 (effective site blocking) and Y3  In where n>l then
the criterion becomes cpMe 2C-n>l where c is a constant. This can explain an increase
in PMeCd for higher intensities as observed in Fig 6.

These results have very important consequences for selected area photo-epitaxy
because photo-assisted desorption of site blocking species will bring about a modulation of
growth rate according to incident uv intensity. The photo-assisted desorption model can
also explain the enhancement in growth rate when visible radiation is incident on the
surface.

Selected area epitaxy of CdTe
A series of Nomarski contrast micrographs of CdTe patterns produced by projecting

mask patterns onto the surface are shown in Fig 7. The growth conditions were
Me 2 Cd/Me 2Te ratio of 1.75, substrate temperature 300*C and maximum uv intensity of
ll0mW/cm2 . The bar pattern in Fig 7(a) has been profiled by Dektak scan and shown
similar behaviour to a bar pattern reported previously and deposited from Me 2Cd and
Et 2Te[5] where the actual peak-to-valley ratio is less than the photo enhancement factor.
The reduced photo-enhancement on patterned structures is due to vapour spread of Cd
and Te atoms. With a better understanding of the site blocking mechanism, growth rates
could be reduced further in the "dark" areas by suitable choice of blocking species and
concentrations.

(a) 500m (b)

Fig 7. Nomarski contrast micrographs of CdTe selected area epitaxy at 300*C using
Me 2Cd and Me 2Te precursors, showing (a) bar pattern and (b) mesa pattern

CONCLUSIONS
Detailed measurements of photo-enhanced growth rates for CdTe using TRR

measurements have shown that the growth rate is not vapour transport limited but is
limited by surface kinetics. The behaviour of growth rate as a function of uv intensity and
as the ratio of Cd and Te alkyl partial pressures can be explained by the
Langmuir-Hinshelwood model with a term for photo-assisted- desorption of a site blocking
species. Well defined bar and mesa patterns of CdTe have been grown by the projection
of mask patterns with the uv laser beam. The ability to produce these patterns is further
evidence for the photo-desorption mechanism. Further improvements in pattern definition
are expected with improved understanding and control of this mechanism.
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Abstract
A six mask process that yields stacked CMOS circuits is presented.

Transistors that were built in reverse order (i. e. the gate first, the gate
dielectric second, and only then the channel region) exhibit compara-
ble parameters as conventional devices. A novel device has been built
whose current drive is three times that of FETs built in substrate mate-
rial. The vertical stacking of complementary MOS transistors made it
possible to build an inverter with symmetric switching characteristic

within the area of a single transistor.

I. Introduction lattice defects are caused by the drain implant in
Three-dimensional :egration is attracting gro- the seed area, apparently-the growth conditions
wing interest due to the possibility of increasing are-sufficient to anneal- imp!ant damages. The
circuit -functionality and-reducing interconnect epitaxy step is performed at reduced temperatu-
wiring [1]. The silicon-on-insulator (SOI) films res of 850-900 0C to minimize the thermal budget
usedforconsecutiveactivelayershavethepoten- on the substrate- device and eliminate potential
tial to alleviate numerous parasiticeffects of bulk -damage to oxide layers [5]. Growth-rates for the
circuits, effects such as-latch-up, punch-through selective epitaxy with trichlorosilane were 60-
and hot carriers. Design studies reveal that up to 100nm/nmin in the temperature window conside-
80% area reduction can be obtained with a second red here. This silicon source-gas allows selective
active layer [2]. Such circuits have been realized growth without the addition of HCI, increasing
in recrystalized material [3], but lattice defects the intrinsic resistivity of the material to 300fl-
reduced their-performance. In-the following, a cm. Thequalityoftheovergrowth can beverified
new pro%-ess will be presented and characterized by the well-established crystalline facets on the
that yields transistors stacked on top of each other local overgrowths (LOGs).
and novel devices with improved current drive. At-the temperatures considered- here, epitaxial

growth is suface-reaction limited, which results
II. Local Overgrowth Process in identical growth-rates for (100)-planes, both
The processing forlocal overgrowth circuits starts laterally (on oxide) and vertically. Since channel
with a standard NMOS in a (100)-oriented sub- and metallization contact have to be provided on
strate with oxidized polysilicon gates. On top of the lateral part of the overgrowth, lateral exten-
the transistors, epitaxy is grown .ielectively and sion and, therefore, -the thickness- of the over-
laterally over oxide on a device scale [4].Crystal- growth need to beibout 10.tm for ap.ocess with
line seeding for local -epitaxy is -provided- by 3pim channel length. For further processing, the
rectangular openings-in the gate oxide that-also overgrowth is thinned by chemo-mechanical
provideanelectricalcontactbetweenthecomple- polishing [6] to about 0.51im thickness. This
mentery devices (Fig. 1). These seeds in the drain polishing-is made self-limiting by a -uniformly
regions of NMOS transistors are- aligned with applied plasma-oxide, which is removed readily
< ! 00> dirct.o' to minimize taking faults that u top and at the sides ofthe overgrowth, due to
occur on growth fronts with (110) orientation. No their small sizes. Once the bulk part of this oxide

Mat. Res. Soc. Syrap. Proc. Vol. 158. 01990 Materials Research Society
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is reached on the wafer surface, the selectivity of implemented on the overgrowth. With the self-
thechemo-mechanicalpolishingisabout20:1 for alignment for source and drain in substrate and
silicon compared to oxide, and further polishing SOI film, it is possible to to produce 3Iin CMOS
virtually stops. Thickness and uniformity of the devices with only 6 masking steps and very short
SOT film is controlled by the amount of applied processing time compared to bulk CMOS proces-
plasma-oxide: 0.5gin and uniformity of 5% are ses (Fig. 4). As CVD epitaxy and polishing can be
readily maintained as shown in Fig. 2. Excellent considered standard manufacturing technology
planarity of the LOG and plasma-oxide surface is (although both steps are often performed at the
therefore reached, as schematically represented wafer manufacturer), no new processes have to
in Fig. 1 and demonstrated in Fig. 3. be introduced in device fabrication. Surfacetopo-
After planarization, a standard PMOS process is graphy is smoother than in a bulk process, ena-

1st Plasma-Oxide
Metal Interconnect

[-- 2nd Plasma-Oxide

sT .. . .... ..............:. ,1 + O I .

n+ Bulk Source-

Dual-Gate-PMOSTranslstors " p. Substrate-

Figure 1: Schematic cross-section of stacked CMOS devices.

Figure 2: SEM view of cleaved overgrowth. Area enclosed i, dashed line in Figure 1.
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III. Devices and Circuits

The material was characterized by active devices
built in the two semiconducting layers. The devi-
ce properties are comparable to devices built-in
substrate silicon, and therefore indicate excellent
quality of the fabricated films.

llla. Reverse-Built Transistor
Between the first polysilicon layer (field plate of
the NMOS device in the bulk material) and the
-overgrowth a transistor is- formed. It has- been
built in truly reverse order: tne field platefirst, the
gate oxide second, and finally the channel region.
This device has a number of potential problem

Figure 3: SEM view of inverter. Surface planari- areas, such as 1) leakage, 2) surface roughness, 3)
is made more clear by tiltingthe non-uniform thickness of the gate oxide-[7], 4)

tysa e more high interface-state density at the semiconductor-
sample 45O. oxide interface [8] (caused by CVD formation

rather than thermal oxidatioai), and 5) lattice
bling further stacking and simplified metaliza- detn theral regio of th latoe

defects in the channel region of the lateral over-
tion lithography. Scaling gate and contactdimen- growth. None of these problems were observed
sions to a l .tm process, both the overgrowth and [91, and excellent device properties were measu-
planarization step will besimplified, since lateral red, as is shown in Fig. 5 and Table I as Bottom
overgrowth could be limited toabout41tm.Simi- PMOS". Hole mobilities of 200cm?/Vs for a
lar scaling might be difficult for ZMR material, - h

dueto he inie sze f he eatsouce nd hesurface channel show that the surface roughness
due to the finite size of the heat source and the due to the oxidized polysilicon grains have little
occurrence of grain boundaries, effect. This is surprising, as the lower oxide is

generated by thermal oxidation of polysilicon
and subsequently is not as smooth as regular gate

PMOS NMOS oxides. Additionally, the critical silicon/silicon-
Top Gate Source Source dioxide interface is generated by epitaxial lateral

. overgrowth. Interface-state densities comparable

Drain Current [-A)
AI

Frontl/ack.Gate Voltago

tl o..- OVIOV

OVM.V
8 04- -- OVI-2V

• - OVI.3V
n• 4l V/-4V

-o- OVI.5V

2 00-4-

~- ~ -*" " 0 1 2 a 4 5

Bottom Top Submerged Drain Voltagu |.V
Output Output Gate

Figure 4: Optical micrograph of stacked inver- Figure 5: Output characteristic of reverse built
ter.-Polysilicon gate width is 3gm. PMOS transistor
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to thermally-grown oxides were measured, pro- built in the SOI film, and hence the lattice defect

bably due to the chlorine gas present during the density must be low.
overgrowth (10]. This is also illustrated by the
good subthreshold slope for this oxide thickness I11b. Substrate Transistor
of 120mV/dec. The devices show an exponential NMOS transistors realized in the-bulk material
behavior in the low source-drain voltage regime, were used to monitor the effects of the over-
due to a degraded contact to the channel by the growthcycleon impurity profiles. The separation
implant tails of the source/drain implant. of the two complementary transistor types in the
Devices built on top of the polished overgrowth two active- layers- eliminates any possibility of
were used for comparison with bulk devices for latch-up. Slight modifications were necessary on
film-quality calibration. The results, which are the implant parameters to maintain the characte-
identical with bulk devices, are summarized-in ristics and device parameters-of conventionally
Table 1 under the "Top PMOS" heading. Low processed- transistors, as shown in Fig. 6 and
leakage currents were measured for junctions Table 1. Electron mobilities were measured at

Drain Current (A) Drain Current [-A]

4e.3, * 5e.3

,. G,,., ,I.0. OV ,.3

At 2V 30-3. -0- -IV/ IV

30.3 4- 4V -11- -2V/-2V

-0 5V -0-- -3V/-3V
20-3 -a- -4V/.4v20-3-~ 4a.. -6V5

2.3 -
0 *O- V V

to,3 10.3.

-2e-22a 00+0 A A a -
0 1 2 3 4 5 0 1 2 3 4 5

Drain Voltage IV) Drain Voltage [-VI

Figure 6: Output characteristics of bulk NMOS Figure 7: Output characteristics of dual-gate

transistor. Device dimensions are PMOS transistor in SOI film. Device
W=50iim, L--3gm, to=40nm. dimensions are W=60gm, L=3gm,

t.--O.5gm, to =40/60nm.

Table 1: Device parameters of the stacked transistors.

Top PMOS Bottom PMOS Dual-Gate PMOS Bulk NMOS

Channel Width W 60tm 60prm 60jam 50jim

Channel Length L 3gtnr 3gim 3jm 31.m

Under-diffusion L, 0.5tn 0.511m 0.5gin 0.511m
Gate Oxide • Ohm 6Ohm -- 4Onm
Threshold Voltage V, -1.2V -1.3V -0.8V 0.9V
Surface Mobility g, 220cm/Vs 200cm2/Vs "" 690cm2/Vs

Doping Level Nb 5.10'0cm3  6.101s/cm3  5.5.10tS/cm 5.1015/cm 3

Source/Drain Resist. R,. 25K 50a 3592 2511
Junction Leakage J,d 50nA/cm 50nA/cm 50nA/cm 2  lOnA/cm2

Subthreshold Slope S 109mV/dec 120mV/dec 60mV/dec 105mVldec
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Drain Current [-A] two surface channel currents (shown in Fig.8)
5o.3 3. Ouad*Onto. Vg.5V plus an additional 70% increase by the coupling

of the two channels [11,12]. Additionally, the
47 -a threshold voltage was raised from-1.3V to .O.8V

[13,14], which is preferable-for CMOS applica-
3-3 1. + 2. tions. The inverse subthreshold slope is lowered

to a-near-ideal 60mV/dec by the full-depletion
2 V operation of the silicon film (Fig.9). The device

2 a.1"tt1mt.- parameters of the fabricated transistors are sum-
marized in Table 1. The excellent surface mobi-
lities of both the PMOS channels (220cm2/Vs and

0 1 2 3 4 5

Drain Voltage [-V

Figure 8: Comparison of the individual channels output tVl

with the dual-gate operation of the S 4

device of Fig. 7.

690cm2IVs- and threshold voltage at 0.9V, in supply IV)

agreement -with a doping level of 5,I01s/cm3. 3,,. SV

Junction leakage was only slightly increased over 4V
4. 3V

standard -devices at 20nA/cm2, and the-inverse 2. 2V

subthreshold slope was 105mV/dec.

11c. Dual-Gate Transistor
Ti. ,rst PMOS devices with equivalent current
dru. as n-channel transistors of similar geome- 0 2 3 4 s
tries were obtained by dual-gate operation Input IV)

(compareFig.6 and7). This gain in transconduc- Figure 10: Transfer characteristics of symmetric
tance was obtained by the superposition of the stacked inverter built with devices of

Fig. 6 and 7. Output voltage shows a
Drain Current @V4.0.1V (-A) 0.3V step at input-voltages of 0.8V
. Dual-Gate due to the connecting tunnel diode.

,0"  - 200cm2/Vs) demonstrate the quality of both the

Top Gate silicon film and the two interfaces.

1016 BotomGat Further improvement of the device performancemay bepossible by volume-inversion (151, which

requires silicon film thicknesses less than 0.411m
for doping levels below I 1015/cm 3.

10'b Hid. Inverters

( t With the realization of complementary MOS
0o 0.6 t.0 L5 2-' 0 transistors on top of each other (Fig. 1), an inver-

P-12.':.. s' 01-2, !-V) ter can be built with the footprint of a single
Figure 9: Subthreshold characteristics of SOI transistor. Two different approaches have beeit

PMOS transistor of Fig. 7. Apparent realized, ajoint-gateandadual-gate inverter.The
are lowering of threshold voltage and former gate minimizes the capacitive load on the
steepening of subthreshold-slope to input node, as only the first polysilicon gate is
60mV/dee by dual-gate operation driven; conversely, the output is limited by of the
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reduced driving capacity of the reverse-built [6] R. P. Zingg, H. G. Graf, W. Appel, P. V6h-
PMOS -transistor. The latter inverter utilizes the ringerand B. Htfflinger, "ThinningTechni-
increasedtransconductanceofthedual-gatedevice ques for 1pm ELO-SOI", IEEE SOS/SOl
to yield the symmetric transfer characteristic of Workshop Proc. p. 52, October 1988
Fig. 10. At input voltages of 0.9V, the threshold [7] L. Faraone and G. Harbeke, "Surface Rough-
voltage of the NMOS transistor, a step is visible ness and Electrical Conduction of Oxide/
in the characteristic. This step of 0.3V is produ- Polysilicon Interfaces", J. of the El-chem.
ced by the forward voltage of the p+/n+ diode Soc, Vol 133 (7), pp1410-1413, July 1986
connecting the drains of the complementary [81 3. P. Colinge, E. Demoulin and M. Lobet,
devices. This diode could be strapped by a metal "StackedTransistor CMOS (ST-CMOS), an
bridge, but should be of no concern for most NMOS Technology Modified to CMOS",
applications. IEEE SC-17 (2), pp215-219, April 1982

[9] R. P. Zingg, B. I16fflinger and G. W. Neu-
IV. Conclusions deck, "High Quality Dual-Gate PMOS De-
A new process has been presented here that yields vices in Local Overgrowth (LOG)", IEEEL-
stacked, complementary transistors with conven- 25 (15), ppl009-1011, July 20, 1989
tional technology and only six masking steps. [10) J. A. Friedrich andG. W. Neudeck,"Interfa-
Devices realized by this process-are equal to, or ce Characterization of Silicon Epitaxial
even better than transistors built in a conventional Lateral Growth overExisting SiO2forThree-
manner. Inverters show the possibility ofsymme- Dimensional CMOS Structures", IEEEEDL-
tric device-performance of N- and PMOS transi- 10 (4), pp144-146, April 1989
stors. Significant area reduction and alleviation [11 P. W. Barth, P. R. Apte and J. B. Angell,
of parasitic circuitcomponents gives thisprocess "The MISIM-FET in Thin Semiconductor
advantages for the realization of high density Layers: Depletion-Approximation Model of
circuits. I-V Characteristics", IEEE ED-30 (12),

ppl717.1726, December 1983
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OPTIMIZED MOLECULAR BEAM EPITAXY STRUCTURES FOR GaAs ON SILICON
PHOTODETECTORS

A. Christou, N.A. Papanicolaou, and G.W. Anderson,
Naval Research Laboratory, Washington, D.C. 20375-5000

ABSTRACT

Two dimensional growth of GaAs on silicon has been achieved by modulation molecular

beam epitaxy (where the arsenic beam is pulsed) with laser assistance at 308 nm (LAMBE).

Photoconductive, low doping concentration layers were utilized for metal-semiconductor-

metal photodetectors which were evaluated at 840 nm.

INTRODUCTION

Two dimensional growth-of GaAs on silicon has been-shown to be necessary for the

reduction of threading dislocations, antiphase domain boundaries and stacking faults in the

deposition of GaAs on siliconl,2. On the other hand, three dimensional growth which results

from surface roughness, defects and oxygen proceeds by island coalescence and a high

dislocation density. The dislocations apparantly are-generated at island intersection points3.

MBE layers for photodetectors require low doped n- GaAs layers with typical impurity

concentrations of less than lx10 15 cm-3. Such la:',ers have been achieved by LAMBE

jtechniques where the arsenic beam was pulsed at a period comparable to the growth of one

monolayer, as determined from the RHEED oscillations.

The present investigation focuses on enhancing the substrate surface quality and the

deposition conditions during the early stages of growth of GaAs on silicon. From thermo-

dynamic stability requirements, due to the 4 percent mismatch of the two sublattices, a cross-

grid of edge-type misfit dislocations at the interface must be generated. Most experimental

evidence suggests that the interface dislocations for the GaAs/Si system form a random

configuration4. A three-dimensional island-growth mechanism at the early stages of growth

could be the mechanism for such a configuration. The different strains at coalescing islands

might generate networks of boundary dislocations and as a result, multiple dislocations are

introduced with number densities higher than those required for complete accommodation of

the mismatch by misfit dislocations4 . LAMBE's ultimate goal is to achieve conditions for

two dimensional hetero-epitaxial growth free of threading dislocations.

In this paper we present results from GaAs n- layers grown by LAMBE on silicon (100)

whose surface was subjected to in-situ UV laser desorption prior to deposition and during the

deoosition of the 200A nucleation layer. The photodetector layers were characterized both

electrically and by cross-sectional transmission electron microscopy (TEM). The structural

characterization of the GaAs on silicon suggests that the three-dimensional island growth has

been suppressed resulting in a substantial reduction of linear defects.

Mat. Res. Soc. Symp. Proc. Vol. 158. ©1990 Materials Research Society
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EXPERIMENTAL - MATERIAL ASPECTS

, The deposition of GaAs on silicon was carried out using high resistivity silicon

substrates (> 1000 0 -cm2). In realizing a successful growth sequence by molecular beam
epitaxy, it was necessary to initially optimize the GaAs nucleation layer deposited-at 3000C
which was followed by a strain accommodation layer, a GaAs spacer layer and two strained
layer superlattices (SLS) grown at 7000T. The two SLS regions were separated by a second

GaAs spacer layer. A 308 nm excimer laser at 120 mJ/cm 2 was used to assist the growth of
the nucleation and accommodation layers. Substrate desorption was carried out at 850'C
with the laser beam on and-with an energy density as high as 150 mJ/cm 2. Mass

spectroscopic analysis indicated the dissipation of C and 0 peaks occurring after 5 minute
exposure at 1 pulse per second. A 300A GaAs nucleation layer was initially grown followed
by a five period AlAs/GaAs multi-quantum well region each 100A thick. TheSLS consisted
of Ino.10 Gao.90 As/GaAs each 120A thick as shown in Figure 1. Finally a 2gm undoped

GaAs active layer was grown followed-by a 0.2gm thick-n layer-and a .05gm thick n+

contacting layer in order to complete the structure.

0 05,m N* 2x 10'8 cm "3

0 20i, m N I X10oll cm-3

2.0m Undoped GaAs Butfer Layer
total thickness

] I GaAs/m1 Gao9 As

Strained Layer Supetlattice

7001C GaAs Spacer Layer

] GaAsline, Ga, As

Strained Layer Supertattice

GaAs Spacer Layer

GaA./AlAs MOW, ]OA/100A., 5 periods

300*C .

Gas/AIAs Nucleation Layer
41/<100> 5' Substrate

(p.type 80 0 cm)

Fig. 1. Schematic cross-section of the GaAs/Si LAMBE photodetector structure.

I
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Interfacial Investigations

For the transmission electron microscopy investigations, the materials were thinned by ion-

beam techniques. The observation of the GaAs/Si interface was accomplished by initially

thinning the material from the silicon substrate back side and then progressively from the GaAs

top layer until the interface was reached. The cross-sectional TEM specimens were prepared

according to the methods developed by Dupuy4.

Photodetector Fabrication

The photodetectors of GaAs on silicon we1- fabricated as follows: The wafers were initially

cleaned in hot solvents (i.e. boiling TCE, boiling acetone, lsopropanol and de-ionized water). A

standard photolithographic process was carried out to define the ohmic contacts for the devices.

The ohmic contact metallization which consisted of-AuGe/Ni/Au- was deposited by e-beam

evaporation and then lifted - off. Alloying of the contact-was performed at 410'C in forming gas

for one minute. The Schottky metal consisted of Ti/Pt/Au and was -formed by a similai

photolithographic and lift - off technique.

The types of photodetectors investigated included linear photoconductors and three types of
interdigitated finger devices: metal - semiconductor - metal (MSM); Schottky diodes having one

set of Schottky metal fingers and one set of ohmic fingers (S-0 detectors); and photodetectors
consisting of two sets of ohmic fingers (0-0detectors). The evaluation of the photodetectors
was made using 840nm wavelength pulse light with a pulse width of 5 ns and rise (tr) and fall (tf)

times of 200 ps.

EXPERIMENTAL RESULTS

Material Investigations

Electrical profiling of the undoped buffer layer into which the photodetectors were fabricated
indicated a variation of lxl0 15 cm-3 to x1O 4 cm "3 doping concentration over the 2jAm

thickness. Therefore the grown structure successfully prevented the outdiffusion of silicon from

the substrate during growth.
The TEM results concentrated on the differences in structural characteristics between the

LAMBE grown films and those grown under conventional MBE conditions. Figure 2 shows a
TEM micrograph which depicts the GaAs/Si interface for layers grown under standard

conditions5. Displacement type moire fringes were formed because the e-beam diffraction

originated from the superposition of the two lattices. Various defects and local strain variations
result from the observed fringe irregularities. Non-uniformity of the fringe spacing from spot to

spot indicates irregularities in the local misfi. Jislocation density. Th- most frequently observed

defect sruct:urc of GaAs oni bilicon invoives threading dislocations, stacking faults, microtwins

and anti-phase domain boundaries. Such structures are also shown in Figure 2.
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3kk

Fig. 2 TEM micrograph of the GaAs/Si interface grown under standard conditions

Fig 3. XTEM micrograph from the GaAs/Si interface of [110] which shows evidence of the

600-dislocations. The densitometer traces show the evenly spaced misfit dislocations along

the <110> directions. The diffraction pattern shows the bright (220) operatin g reflections
for GaAs and silicon.
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The beneficial effects of excimer laser assisted growth of GaAs on silicon is shown in

Figure 3. The dislocation density is relatively high near the interface but is reduced in the

upper surface resulting in a dislocation density of 107 cm "2 in the active layer. The plane

view of the GaAs/Si interface reveals moire fringes of translation type parallel to the E110]

and [T10] directions. The very regular moire pattern of Figure 4 shows the formation of a

perfect alignment of the two lattices which are completely relaxed. In addition, the moire

patterns are very sensitive to the existence of local strain and island nucleation. Other type of

defects such as stacking faults and microtwins were not observed. Therefore the formation

of a regular cross-grid of misfit dislocations indicates that conditions for two dimensional

growth were achieved.

5Q1nm. ...

~\AP B

Fig 4. Plan view micrograph of the GaAs/Si interface showing well aligned moire figures

Photodetector Results

The evaluation of the photodetectors was made using 840 nm wavelength pulsed light

with a pulse width of 5 ns and rise (tr) and fall (tf) times of 200 ps. The tr and tf of both the

linear and interdigitated devices fabricated in the undoped GaAs layer were in the 1-2 ns and

3.4 ns ranges respectively. These results were comparable to those obtained for

photoconductors fabIrcatcd directly in undoped GaAs-GaAs material. The responsivity and

quantum efficiency values of the photoconductors were in the 0.6 - 0.9 A/W range.
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CONCLUSIONS

GaAs on silicon epitaxial layers of high quality have been achieved by LAMBE

techniques. TEM investigations showed that two dimensional nucleation has been achieved.

Photodetectors fabricated in n-GaAs/Si layers indicated comparable behavior with

GaAs/GaAs structures.
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LASER SELECTIVE AREA EPITAXY FOR THE
POTENTIAL OF OPTOELECTRONIC INTEGRATION

H. Liu, J.C. Roberts, J. Ramdani and S.M. Bedair
Electrical and Computer Engineering Department, North Carolina State
University, Raleigh, North Carolina

ABSTRACT

We report for the first time the dopant behavior in laser assisted selective epitaxy
of device quality GaAs films. DMZn and H2Se were i'sed as p-type and n-type dopants
respectively. Uniform doping was achieved by introducing TMGa, AsH3 and dopant
gases simultaneously and was accompanied by a decrease in growth rate for both Zn
and Se doping. For planar doping, several Se planes were-embedded in a GaAs layer
by simultaneously introducing AsH3 and H2Se during the LCVD process. A sheet car-
rier concentration in the 1012 _ 1013 cm- 2 range was obtained for a single Se plane.
Hall data of these films will be discussed. It was found planar doping results in better
electrical- properties and-better growth rate control.

INTRODUCTION

Laser assisted chemical vapor deposition (LCVD) is a relatively new technique
with potential for low temperature selective deposition of device quality films suitable
for optoelectronic monolithic integration. Current difficulties in integrating optical
and electronic devices on one chip mainly come from the differences of material and
structural requirements between components. The necessary processing usually
requires several growth steps as well as masking, etching and liftoff, which may result
in low yield. Laser assisted selective area deposition can provide another approach to
address these problems. In order to achieve selective area epitaxy using the LCVD
approach, th2 substrate temperature should be in the range of 300°C - 400'C. A higher
substrate temperature will result in deposition on areas of the substrate not exposed to
the laser light and the technique starts to lose its selective nature. On the other hand,
if the substrate temperature is lower than this range, a higher laser power density is
needed that may produce local heating and thermal stresses (1]. Also, p- and n-type
dopants have to be selectively incorporated at this relatively low substrate temperature
for several structures. We will report on the properties of dopants suitable for LCVD
GaAs films. Dimethylzinc (DMZn, 50ppm in 112) has been tried as-a p-type dopant and
Hydrogen Selenide (H2Se, 20ppm in H2) as an n-type dopant.

EXPERIMENTAL

The LCVD system consists-of a vertical MOOVD reactor operated at atmospheric
pressure, an Ar ion laser operated at-multiple wavelength (488nm - 514nm) and a com-
puter controlled X-Y laser scanner. Details of the set-up have been reported elsewhere

12,3]. Semi-insulated GaAs wafers 20 off (100) toward [1101 attached to a graphite sus-

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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ceptor were RF heated to 300'C-or 400*C. The Ar ion laser, focused to a spot size of
approximately 500 pm, is multiply scanned (100-200 scans) for a distance of 1500 p.m
on a local area of the substrate. Trimethylgallium (TMGa, 10C) and Arsine (AsH 3,
10% in 142) were used as source gases. The laser power-density and gas flow rates were
adjusted to give growth rates of 20 A-to 50 A per scan. Hall measurements were done
by using a photolithographic process to define Van Der Pauw patterns of 160 x 350
p.m2 on the deposited films. The Ar ion laser beam has a gaussian intensity distribu-
tion and as reported earlier [4], the deposited films also have a gaussian shaped cross-
section. This results in about a 20% thickness variation across the Van Der Pauw pat-
tern. We have used the maximum film thickness in our flall measurement calculations
which will result in an under estimating of about 10% in carrier concentration but with
negligible error for mobility data.

Seven structures (A, B-1, B-2, C, D, E-1, E-2) were grown on five separate sub-
strates, samples A, B, C, D and E. Samples A, B, and E were grown at 4000C, while
samples C and D were grown at 300'C. Structures A and C were-undoped and both
have high resistivity. Structure B-i was uniformly doped-by introducing TMGa, AsH3
and H2Se into the growth chamber simultaneously. Structure B-2 was undoped and
grown on the same substrate after structure B-I was grown. Structure D was uni-
formly doped by introducing TMGa, AsH3 and DMZn into the growth chamber simul-
taneously.

Hall data of these LCVD films are shown in Table 1. Structure B-1 has a carrier
conc tration of about 8 x 1018 cm- 3 with relatively low mobility and a growth rate
about 1/5 of the undoped structure B-2. These low mobilities and low growth rates
may be due to the formation of GaSe x which is favored at this low growth tempera-
ture. Similar results were obtained in Se doped GaAs grown by-atomic layer epitaxy at
450*C (5]. Structure B-2 was undoped and grown immediately after structure B-1, but
shows a carrier concentration as high as 6 x 1017 cm- 3, which is possibly due to the
H2Se memory effect in the gas line and/or the pre-adsorption of II 2Se on the substrate
surface. Structure D has a very high hole concentration and the growth rate is about
1/5 of the undoped line. The reason for this phenomenon is not yet clear but might be
attributed to the formation of a Zn-As compound. Thus, uniform doping using H2Se
and DMZn seems to suffer from some difficulties due to low substrate temperature.
These- difficulties can be avoided-by using planar doped (delta-doped) structures. This
will avoid the possible reactions between the dopant molecules and TMGa or AsH 3.
Structures E-1 and E-2 were planar doped using H2Se and were grown as follows: The
growth started with 100 multiple scans (0.5 pLm thickness) of a GaAs buffer layer (high
resistivity). For structure E-1 (E-2) the growth was then interrupted by purging out

AsIt3 (TMNa) and IT2Se was introduced into -the growth chambpr and followed by a
single laser scan. After 2 minutes of purging out H2Se, 6 multiple scans (300 A) of
GaAs were grown before the next growth interruption to deposit a second delta-doped
layer. This sequence was repeated 10 times to produce 10 planes of Se in the GaAs
layer. Structure E-1 suffers from co-exposure of the GaAs surface to both 112Se and
TMGa and thus enhances the formation of GaSe x. This resulted in a rough surface
and low mobility. Structure E-2 has a higher mobility than E-1 indicating that avoid-
ing H2Se-TMGa reactions resuts in better electrical properties. Also the growth rate
of structure E-2 does not deviate from that of undoped material) which is another
advantage of using the planar doping technique in LOVD.
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TABLE 1

Sample # T*,b  Carriu. Carrier Cone. Mobility(RT) Growth rate Surface
00 type cm

"3  
cm

2
/V-s A/scan Morphology

A 400 -- High resistivity .- 50 smooth

B-1 400 n 8 x 10l  277 11 smooth

B-2 400 n 6 x I017 1317 50 smooth

0 300 -- High resistivity ... 20 smooth

D 300 p 1021 20 4 smooth

131 400 -- 2 x 10"8 935 62 rough

E-2 400 n 8 x 10'8 1407 50 smooth

Selenium planar doping is found to be attractive to LCVD since better mobility
and thickness- control can be achieved. The nature of the n-type dopant is preserved in
this low substrate temperature. Doping with Zn can probably be improved by using the
planar doping technique. Also, doping with Si will be investigated in the future to dis-
cover its availability as a dopant in this low temperature range. Further investigation
of doping level control and optimum growth conditions and device structures by LCVD
are underway.

CONCLUSION

In conclusion, doping properties of LCVD-films are studied using 12Se and DMZn
for n-type and p-type dopants respectively. Uniform doping showed a reduction in
growth rates and relatively low mobilities, perhaps a result of reactions between
dopant molecules and TMGa or AsH3. Planar doping avoids these problems and a
doping profile from C-V measurement was obtained (Fig. 1].
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LASER INDUCED SURFACE CHEHICAL EPITAXY OF II-VI MATERIALS

CHARTER D. STIESPRING AND ANDREW FREEDHAN

Center for Chemical and Environmental Physics, Aerodyne Research, Inc.,
Billerica, Hassachusetts 01821

ABSTRACT

Studies of the thermal and photon-induced surface chemistry of
dimethyl cadmium (DHCd) and dimothyl tellurium (DHTe) on GaAs(lO0)
substrates under ultrahigh vacuum conditions have been performed for
substrate temperatures in the range of 123 K to 473 K. Results indicate
that extremely efficient conversion of admixtures of DHTe and DHCd to CdTe
can be obtained using low power (5 - 10-mJ cm- 2) 193 nm laser pulses at
substrate temperatures of 123 K. Subsequent annealing at 473 K produces
an epitaxial film.

INTRODUCTION

Thermal and photon-assisted-depositfon processes -involving
organometallic precursor species are currently being investigated for
II-VI and III-V compound semiconductors.f1] These processes provide the
potential for reduced growth temperatures and increased-process
flexibility. Illustrations include reduced pressure laser assisted
chemical vapor deposition (LOVD) of Cd7'e72] and ultra high vacuum (UHV)
metalorganic molecular beam epitaxy (HOHBE) o" GaAs.[3] These relatively
new deposition processes raise important questions concerning chemical
mechanisms- which must be -answered if -the processes and materials they
produce are to be optimized.

This paper describes ongoing experimental studies[4,5] of the thermal
and photon-induced surface reactions of dimethyl cadmium (DHCd) and
dimethyl tellurium (DHTe). The-objectives of these studies are to provide
an understanding of the underlying-chemical and-physical processes and to
explore novel approaches to CdTe heteroepitaxy. The work focuses on CdTe
heteroepitaxy because of the the importance of this material in
electro-optical systems.[6] DHCd and DHTe were the first precursor
species selected for investigation because of their inherent scientific
interest. The gas phase photochemistry of DHCd and Df.'e has been
extensively investigated; these molecules are known to undergo one photon
dissociation to produce ground state-metal atoms.[7-9] This behavior
contrasts with that of trimethyl-gallium-and trimethyl arsenic which
dissociate in the gas phase via a multiphoton excitation process.[10] The
basic question is how can the photophysics of these molecules be used to
obtain CdTe thin films.

EXPERIMENTAL

The experimental apparatus used in these studies is shown in Figure 1.
It consists of a turbomolecular pumped, liquid nitrogen trapped UHV
reaction cell interfaced to an ion/sublimation pumped UHV analysis chamber.
The diagnostics used in these studies are X-ray photoelectron- spectroscopy
(XPS) and low energy electron diffraeion (InEED). Th .=PIC i-
transferred between chambers using a linear motion feedthrough with sample
heating (1200 K) and cooling (123 K) capabilities. Samples are exposed to

Mat. Res. Soc. Symp. Proc, Vol. 158. ©1990 Materials Research Society
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reactive gas species using an effusive molecular beam doser. For the
sample-source geometry used here, the angular distribution of the effusive
beam produced -only a nominal 10% variation in exposure over the analyzed
area of the surface. Photon-induced processes were studied by irradiating
the surface with UV photons produced by an excimer laser. These were
introduced through a Conflat mounted HgF2 window (larshaw). The
wavelengths used in these experiments were 193 nm, 248 nm, and 351 am.
Laser fluence, controlled using a simple beam expander, ranged from
0.3 mJ cm-2 to 6.0 mJ cm"2 to minimize the effects of surface heating
(<3 K to 60 K)[ll].

The GaAs samples used in these studies were p-type electronic grade
single crystal substrates provided by Litton. In situ sample cleaning
involved Ar+ ion etching at I kV until no trace of oxygen contamination
could be observed. This was followed by annealing at 850 Kf12] to restore
surface order (as observed by LEED). The DHCd-and DHTe (Alfa) were
purified using a series of freeze-thaw cycles.

The XPS analyses were performed using a-PHI 15 kV, Hg Km source and
a PHI double pass cylindrical mirror electron energy analyzer operated at
a pass energy of 25 eV. The analyzer was calibrated using the Au 4f7/2
peak at 83.8 eV. All spectra were referenced to the Ga 3d5 /2 peak at
18.8 eV. No charging effects-were observed except in the limit of very
thick films. (> 200 A).

RESULTS AND DISCUSSION

As discussed elsewhere[4], XPS analyses of the-Cd and Te 3d5/2 peaks
can indicate the nature of the chemical bonding of the metalorganic
species on the GaAs surface. The interaction of the adspecies with the
surface follows what one might expect from the chemical structure of the
metal alkyl. DHTe, a closed shell molecule, has a lower sticking
coeffit~ent than DHCd at all temperatures. Furthermore, at 123 K where no
therma tssociation takes place for either molecule, the characteristic
To peak es not shift as adspecies coverage increases from sub-monolayer
to mul tyer coverage, This would indicate that DHTe does not strongly
interact ith the GaAs surface. The Cd peak from DHCd, on the other hand,

APPARATUS USED in STUDIES
of SEMICONDUCTOR EPITAXY

Double Pass CMA

Gate Valve

Primary & x, Y, z Motion UV WindowPdma & Fo~houghs
Secondary Fedthroughs Ray Source
Rotation

Electrical & Cooling
Feedthrovugs / L Reverso View LEED

Molecular Doser Ion Gun

Figure 1. Cross sentional view of deposition and analysis system.
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undergoes a several eV shift to higher bonding energies as coverage
increases. The surface induced shift to low binding energies is
consistent with electron flow from the GaAs to the vacant 3 p orbitals on
the Cd atom.

A-discussion of the photoinduced chemistry of submonolayer to
monolayer coverages is beyond the scope of this paper but will be reported
elsewhero[131. In summary, the photochemistry is dominated by
surface-mediated effects for GaAs even at 123 K, in contrast to the
results obtained on quartz substrates[5]. It is difficult to cleanly
photodissociate either DHTe or DHCd to-metal atoms at 193 rm and 248 am,
even though the gas phase photochemistry produces cleavage of both
metal-alkyl bonds. Irradiation-produces a distribution of metal,
dimethyl, and monomethyl species which varies with the total dose of laser
photons.

Since our aim was to produce CdTe thin films at low temperatures, we
began to use multilayer coverages (100-200 A), which should have the
effect of minimizing surface-induced effects. The result of irradiating
thick (200 A) admixtures of MKle and-DHCd with 193 nm photons is the
production of CdTq thin films with stoichiometric ratios. Figure 2 shows
the XPS signal from the Te 3d5 /2 state as a function of laser dose. The
rather broad spectrum of the unreacted film is immediately converted to a
narrow peak at a binding energy indicative of metallic tellurium. Thermal
annealing of the irradiated film produces cadmium telluride. Similar
results are obtained when viewing the cadmium spectra. Figure 3 presents
typical carbon Is XPS spectra. The top spectrum shows two distinct peaks;
based on single compound exposure, one is identifiable as carbon from DHTe
(higher binding energy) and one as carbon from DdCd. Upon irradiation of
150 laser pulses at 193 nm (9 x 1017 photons total dose), all the carbon
is converted to a new species (lower spectrum), whose binding energy is
consistent with- hydrocarbon -production.

DMCd/DMTe on GaAs(QO0) at 123 K
I Te 3d

E-. 6150 pulses d

:2:~~~ [ 0mJ/CM2

1150b

578 576 574 572 570 568

BINDING ENERGY (eV)

-... I.... spectra of the Te 3d5 /2 peak of an -100A thick film of a
DHTe/DHCd mixture on a-GaAs(100) substrate at 123 K as a
function of the number of 193 rm laser pulses at 6 mJ cm"1 .
The top spectrum is the result of a subsequent thermal anneal
at 473 K.
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DMCd/DMTe on GaAs (100) at 123 K
2000.

DMTe jcarbon Is

"_MCd

1000a 200 Ae Admixture
,ooo \.,o. _

I 4 .,b) 193nm 150 pulses

0
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BINDING ENERGY (eV)

Figure 3. XPS spectra of the C Is- peak of a DHTe/DHCd admixture at a GaAs
substrate temperature of 123 K before-a) and after b)
irradiation by 150 pulses at 6 mJ cm"2 of an ArF excimer laser
operating at 193 nm.

Similar results are obtained no matter what the initial stoichiometry
of the non-irradiated thin film. Cadmium to tellurium ratios of 0.5 to
2.0 always produced stoichiometric CdTo thin films with no excess of one
species or the other. These results imply that the -laser irradiation
initiated a chemical reaction between the two metal alkyls, with any
excess reactant being driven off the surface. The question arises as to
whether this effect is duo to the properties of the thin film or just to
substrate heating effects. The films were therfore irradiated with
6 mJ cm"2 pulses from-a XeF laser operating at 351 nm. At this
wavelength, the thin film should be transparent. Figure 4 presents

- spectra of the Te 3d5/2 XPS peak for 351 vs. 193 rm. Clearly, the 351 nm
laser pulses are not effective in inducing a chemical reaction. Thus the
observed results are consistent with the energy being absorbed in the thin
film; whether the reaction is catalyzed by photo-induced of electronically
excited reactants or free radicals, increased precursor mobility, and/or
thermal excitation cannot be deduced from the data.

We note that the CdTe films produced by 193 nm laser irradiation are
heavily contaminated with carbon. Subsequent laser irradiation slowly
reduces the level of carbon contamination but only annealing at 473 K for
twenty minutes reduces carbon levels below detection limits (-0.5%).
Upon annealing, we observe a 1 x I LEED pattern for the CdTe(163) surface
indicating the presence of an epitaxial CdTe thin film. XPS indicates
that the resultant film is on the order of 100A thick.

CONCLUSIONS

An epitaxial thin film (-10OA) of CdTe on GaAs(100) has been
produced by 193 nm photon irradiation of beam deposited admixtures of
dimethyl tellurium and cadmium at substrate temperatures of 123 K followed
by a thermal anneal at 473 K. The resultant LEED pattern is 1 x 1
indicating an epitaxial (100) CdTo surface. The process is quite
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DMCd/DMTe on GaAs (100) at 123 K

9 X 10 17 Photons/cm
2

6 mj/cm
2

193 nm

1-

W 1.5 x 1018Photons/cm
2

E-2 S 6 mJ/CM
2

BINDING ENERGY (eV)

Figure 4. XPS spectra of the Te 3d!;2 peak upon irradiation at a) 351 nm
and b) 193 nm for equal per pulse fluence and total energy dose.
Film and substrate conditions are the same as in-Figures 2
and 3.

efficient at laser fluences of -6 mJ cm 2 ; lower fluences or much longer
wavelengths (351 am) are not effective. The process is linked to the
absorption of photons in the thin film leading to a chemical reaction
between the molecular species to produce CdTe and a hydrocarbon species.

The advantages of making II-VI compound semiconductors by this
technique are apparent. By using a cold GaAs (123 K) substrate, we have
increased sticking coefficients to .1 - .3, two to three orders of
magnitude greater than that found at typical growth temperatures
(500-600 K), thus saving on usage of metal alkyl precursors. Another
potential advantage is the photo-induced "fixing" of the zhemicql reaction
to produce CdTe, which opens the way to patterned deposition with
reasonably fine resolution. A drawback at this point is the need to

j anneal the sample of 473 K to remove the carbon contaminp!.ion and produce
epitaxial ordering. But, if pulsed laser annealing could be utilized,
this problem could be overcome. Future work is indicated in the area of
ternary compunds, such as HgCdTe. Dimethyl mercury also absorbs strongly
at 193 nm and thus is a candidate for laser surface chemical epitaxy.
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XPS STUDIES OF CHLORINE ETCHING INTERACTIONS WITH GaAs(100)

ANDREW FREEDMAN AND C.D. STINESPRING
Center for Chemical and Environmental Physics, Aerodyne Research, Inc.,
45 Hanning Road, Billerica, HA 01821

ABSTRACT

GaAs (100) substrates have been chlorinated-with both atomic -and
molecular beams of chlorine under ultra high vacuum conditions. X-ray
photoelectron spectra of the resulting samples indicate that at a
substrate temperatures of 130 K, Cl atoms efficiently penetrate the GaAs
lattice forming Ga and As chloride species. Exposure to Cl atoms at 173 K
results in desorption of As, leaving- GaCix species behind. Molecular
chlorine reacts much less efficiently.

INTRODUCTION

The development of dry-etching techniques for gallium arsenide has
centered around the-use of both atomic and-molecular chlorine as a
chemical etchant. 1"7 Recent experiments have shown that at low
temperatures atomic chlorine is a much- faster etchant of GaAs -than
molecular chlorine, and-even faster still when-combined with the effect of
a low energy argon ion beam. Highly anisotropic etch features can be
achieved by this technique. While the desorbing etch products of the
chlorine reaction with GaAs have been detected mass spectrometrically,

8 1 0

there has been no direct observation of the surface.

This paper describes studies of the interaction-of beams of atomic
and molecular chlorine with the GaAs(100) surface using x-ray
photoolectron spectroscopy as a surface diagnostic. An ultrahigh vacuum
compatible beam source utilizing microwave discharge induce,! chlorine
dissociation has been used to irradiate GaAs samples that have been cooled
to temperatures (-.30 X) sufficiently low to prevent the volatile etch
products from desorbing.

EXPERIMENTAL

The experimental apparatus used in these studies comprises a
turbomolecular pumped, liquid nitrogen trapped ultrahigh vacuum cell (ultimate
vacuum - 3 x 10-10 torr) interfaced to an ion/subllmation -pumped analysis
chamber. The diagnostics available in the analysis chamber are x-ray
photoelectron spectroscopy (XPS) and low energy electron diffraction (LEED).
The sample is transferred between chambers using a linear motion feedthrough
with sample heating (1200 K) and cooling (120 K) capabilities.

The GaAs samples used in these- studies were p-type electronic grade
single crystal substrates provided by Litton. In situ sample cleaning
Involved Ar+/ion etching at one KeV until no trace of oxygen or carbon
contamination could be observed. This was followed by annealing at 850 Kll to
restore aurface order (s obacr-4 by LEE paLtorns as low as 33 eV).

The chlorine atom source Is a slight modification of a fluorine atom
source describedoelsewhere. 12 Briefly, it consists of a miniature fast flow
tube whose output Is sampled by an inverted skimmer with a small aperture

Mat, Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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(40 pm). A 5% chlorine in argon gas mixture (2 torr) is flowed (500 sccm)
through a quartz tube In which a microwave discharge has been Induced-by an
Evenson type cavity. The tube walls downstream of the discharge are coated

%ith fluorocarbon wax to minimize wall induced recombination. The flow tube
exhaust is sent through a co-annular passage end-pumped by a 16 cfm chemical
plasma mechanical pump (Alcatel). Mass spectrometric analysis indicates that
between 50 and 70% of the chlorine is dissociated to atoms.

13

The XPS analyses were performed using a PHI 15 koV, Hg (K.) and
Al(Ka) x-ray source and a PHI double pass cylindrical mirror electron energy
analyzer operated at a pass energy of 25 eV. The analyzer-was calibrated
using the Au 4f7 /2 peak at 83.8 eV and is accurate to ± 0.2 eV. All spectra
are referenced to the Ga peak at 18.8 eV.

RESULTS

Figures 1 and 2 show XPS spectra of the Ga and As 2P3 /2 peak as a
function of exposure to-the chlorine atom-source at a substrate temperature of
130 K. These peaks were chosen so as to be-extremely surface-sensitive.
Electron escape depths for Ga and As at the electron kinetic energies
associated with -the- binding energies (recordod-=using the Mg and Al x-ray-
sources- respectively) are calculated to be oL, the- order of 7 -A. Thus these
spectra record the chemical reaction-occurring In the first several layers
(lattice parameter = 5.65 A). Notice-that the Ga-peak immediately shows a
large shift-to higher binding energy as would be expected from-a GaClx

CL on GaAs (100) T=130I

Dose (ML)
Ga 2p

E- 2

E-

1123 1121 1119 1117 115

BINDING ENERGY (eV)
102fL-ga2

Figure 1. XPS Spectrum of the Ga 2P3/2 peaks as & funetion of exposure of
GaAs(100) to Cl atoms at a substrate temperaturo of 130 K. (lHL 6.3 X 1014
atcms cm

"2 )



391

C1 on GaAs (100) T=130 K
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Figure 2. XPS spectrum of the As 2P2/3 peak as a function of exposure of
Gas(100) to Cl atoms at a substrate temperature of 130 K.

species. As the exposure is increased to only 10HL (1 HL = 6.3 x 1014 atoms
cm 2), the bulk Ga signal is almost totally attenuated leaving behind a
chlorinated peak at 1.1 eV higher binding energy. The arsenic peak shows
similar behavior, with a chlorinated peak appearing at 3 eV higher binding
energy. The assignment of a second peak which appears at 6 eV higher energy
Is unclear at this time.

Figures 3 and 4 show the same spectra for a sample exposed at a substrate
- temperature of 173 K. At this temperature, AsC13 has a vapor pressure of

10-4 torr while GaC1 3 is still not volatile. The gallium spectra show
behavior similar to that recorded at 130 K although the complete shift to
GaClx is not quite seen at 1OHL exposure. The arsenic spectra on the other
hand show no binding energy shifts but an extreme reduction in signal. This
indicates that the As is being preferentially etched due to its high etch
product volatility, leaving behind a GaCl. matrix.

Preliminary results using molecular chlorine indicate the formation of
both As and Ga chloride reaction products except at a much less efficient rate.
The data are consistent with only a monolayer of chlorination. Huch higher
doses increase the level of chlorination, but the efficiency of the
dissociative adsorption step is probably rate limiting.

DISCUSSION

it is olesr from the date that even at nuh.tratc tI.pc+aturcs -f 130 X,
Cl atoms rapidly penetrate the GaAs lattice, chlorinating both gallium and
arsenic. Furthermore, at higher substrate temperatures, the more volatile
AsC13 desorbs leaving behind a GaCIx matrix. This extremely efficient
chlorination process is consistent with what is knvni about chlorine etching
of GaAs. 5 Etching with Cl2 requires elevated temperatures to achieve similar
etch rates.
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Cl on GaAs (100) T=173 K
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Figure 3. XPS spectrum of the Ga 2P 2 /3 peak as a function of exposure of
GaAsC100) to Cl atoms at a substrate temperature of 173 K.
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The 'etching behavior of chlorine atoms on GaAs is different from that
found on silicon. Neither atomic nor molecular chlorine is a strong chemical
etchant of silicon.14 This has been explained on the basis of an activation
energy barrier to lattice penetration caused by repulsion between the lattice
and chlorine electron clouds.15 Given the similar bulk structure (diamond
lattice and similar atom densities) of silicon and gallium arsenide, it is
somewhat surprising that chlorine atoms penetrate the gallium arsenide lattice
(as fluorine atoms do the silicon lattico16,1 7). Obviously, an explanation of
this behavior awaits more experimental and theoretical evidence.

This work has boon funded by the National Science Foundation under the
Small Business Innovation Research program.
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A PROCESS MODEL FOR REACTIVE ION ETCHING
AND STUDY OF THE EFFECTS OF MAGNETRON ENHANCEMENT

M. MEYYAPPAN , 'D,'D R. C. BUGGELN
Scientific Research Associates, P. O.-Box 1058, Glastonbury, CT 06033

ABSTRACT

Magnetron reactive ion etching has been receiving much attention since it offers
low pressure, and low bias etching conditions with little damage. We have developed a
process model for this process and present simulation results for boron trichloride
etching of GaAs. The computed etch rates are uniform in the center with higher rates
at the edges of the wafer. Flow rates and pressure can be optimized to improve
uniformity. The etch rates with the aid of the magnetron are shown to be higher than
the rates for conventional reactive ion etching.

INTRODUCTION

Reactive ion etching (RIE) has essentially replaced wet chemical etching as a
preferable method for accomplishing fine-line patterning and selective etching. The
ability of RIE to provide anisotropic etching with close control of the critical
dimensions and selectivity has made this transition possible. As single wafe, etchers
are increasingly used, a high rate of etching is desirable. In addition, there is always the
need to minimize the device damage introduced by high energy ion bombardment. To
meet these demands, a variety of enhanced RIE processes have been introduced in
recent years. Magnetron reactive ion etching (MiE) is a typical example wherein a
magnetic field is used to provide a high degree of ionization, and low pressure, low bias
etching [1]. In a commercial reactor by MRC [2], a magnet placed under the cathode
confines the electrons in the discharge region due to the E x B field, which increases
the ionization efficiency at low pressures. The magnetron discharge also has a much
lower ion energy due to the lower sheath voltage and higher charged particle density
than the conventional unmagnetized discha: This results in a lower damage to the
wafer than other dry etching processes. Bright et al [3], in a series of studies, reported
application of MIE for the etching of Si and-Si0 2. Contilini and D'Asaro [4] obtained
high etch rates with very little unde, ut by magnetron etching of GaAs using a freon
plasma.

Process modeling needs

A particular disadvantage of all dry etching processes is the associated large
parameter space and potential difficulties in scale-up. Tbh parameters arise fi om the
discharge, chemistry, plasma/surface interactions and geometric considerations of the
etcher. This makes understanding of the effects of various parameters on the etch
characteristics a complex task. A systematic model to address the issue then should
include both the discharge physics and discharge chemistry. The discharge physics
deals with creation and transport of charged particles such as ions and electrons. The
key parameters here are power, nature of electrodes, electrode area, pressure, and
excitation frequency. The discharge chemistry involves creation and transport of
neutral species, active radicals, atoms etc. The controlling parameters are the etch gas,
flow rate, pressure, and the glow discharge structure.

Fortunately, in situations of interest in dry etching, the etch gas is only weakly
ionized. This means, the discharge physics and chemistry can be decoupled, which
makes the analysis manageable. The physics of the discharge can be studied using
numerical procedures which have long been used in device physics simulation [5]. The
discharge chemistry is best studied using procedures that are routine in the fields of
combustion and CVD. This involves solutions to the Navier-Stokes equation along

Mat. Res. Soc, Symp. Proc. Vol. 158. P1990 Matorials Rest h Society
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with energy and species conservation equations. The connecting links between the
discharge physics and chemistry appear as source terms representing-dissociation in the
conservation equations. For a detailed discussion of modeling strategies, the reader is
referred to a review article by Graves [6].

Details of the preseut model

In the present work, we have developed a process model to describe the discharge
chemistry. Reactive ion etching of GaAs using a boron trichloride discharge in a
chantel flow reactor, with and without the aid of a magnetic field, is considered.
The continuum equations are assumed to be valid for the reactor conditions used in this
study. The conservation equations for the neutral species in the discharge are as
follows:

oc i  N
- + v VCi = Di V2 Ci + Zjij Rij
at j

Here Cj is the molar concentration of species i, D is the diffusivity of species i, Y
is the velocity vector and cai are the stoichiometric coeficients relating to reaction j.
Rij is the rate of reaction-fdr species i in reactionj.

In the present analysis, discharge physics modeling is not considered. The
electron density distribution is assumed to be given by the ambipolar profile
n =n cos(7rx/L). We also assume a fully developed flow in the channel-flow reactor.
For tMe low pressures and flow rates characteristic of-the RIE reactors, the Reynolds
number is small, and hence the entrance effects can-be-neglected [7]. Also, if the
electrodes are well cooled, the temperature variation across the reactor is not
significant. For these-reasons,-the Navier-Stokes equations and the energy equation
need not be solved.

The-following reactions are-considered for the boron trichloride discharge [8].

BC13 + e--> BC12 + Cl + e"

BC12 + BCl2 -> B2 C14

"-~ The first reaction represents dissociation of boron trichloride due to electron
bombardment. The second reaction describes recombination of BCl2 . Cl atom
recombination is considered to be negligible.

For-boundary conditions, a mass balance is written for Cl at the wafer surface. A
first order surface reaction is considered. The balance yields

DVCCI = ks CC,

where ks is the surface reaction rate constant. The dimensionless-number ksl/D
compares the time scales for surface reaction and diffusion-of Cl atom to the wafer. All
surfaces other than the wafer are considered to be nonreacting; hence the normal
gradient of the species is set to zero. At the inlet, -the well-known Danckwert's
boundary condition is used. The-gradients in the flow-direction are set to zero for
outflow boundary conditions.

The governing equations were solved using a very efficient finite difference
MINT code. This code was developed to solve the Navier-Stokes equations, energy
and species conservation equations in three dimensions. The details of the algorithm
can be found in ref. f91. -In the present -rolrni, th o . . . . - - . .• ." P - .... , I.- -- c. .Aa qtua tltions frou-C a. tUII

and BCI2 radical were solved using 100 grid points in the flow direction-and 50 grid
points in the direction normal to the wafer (Figure 1).
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Results

A channel flow reactor with a parallel plate electrode arrangement, as shown in
Figure 1, is considered. The electrodes are 30 cm long and separated by 9 cm. The top
electrode is grounded (anode) and the bottom electrode is powered (cathode).
Reactive ion etching of a 3" GaAs wafer centrally placed on the cathode is simulated.

The rate o5disiociation of boron trichloride is given by kjnc where kl is the rate
coefficient (10- i m/s) an c is t e molar concentration of boron trichloride. A peak
electron density (no) of 10 IUcm-3 was assumed. The BCI2 recombinationW'
considerably more complex anlthe rate constant was taken to be 4 x lUP Om/s. The
diffusivity of Cl atom is 950 cm/s at 10 m Torr and has an inverse dependence on
pressure.

Figure 2 shows the etch rate as a function of BC13 flow rate for two different
pressures. Since the etch rate varies across the wafer, an average rate is computed.
The etch rate for BC13 etching of GaAs is considerably smaller than the rates using Cl2 ,
CC14 etc. Sonek and Ballyntyne [10] found that the small etch rate is due to inadequate
generation of Cl atom from BC13. The computed results at 10 mTorr and 20 sccm
com pare favorably with the etch rate of 170 A/min at 11 m Torr and 20 sccm reported in
ref. [12. The etch rate is found to decrease with an increase in flow rate. The
Damkohler number, -Da, compares the time scale for Cl atom generation and-the
residence time determined by convection. The species generation rate is independent
of axial location and feed flow rate. At low flow rates investigated here, an-increase in
flow rate means smaller Da. This denotes a reduction in residence time compared to
the dissociation rate which causes smaller etching rates. The increase in etch rate with
pressure is due to increased dissociation rates.

The variation of etch rate across the wafer is shown in Figure 3. At 10 m Torr,
the etch rate is nearly uniform at the center with slightly higher rates at the edges. The
etch rate-is determined bya balance of Cl atom production, convection in the flow
direction and diffusion of Cl-atom. For a given pressure and dissociation conditions,
the flow rate can be changed to obtain-uniform etching. In fact, at 10 m Torr, the
variation at the edges is smaller as the flow rate is increased from 20 sccm to 60 sccm.
At 30 m Torr, the nonuniformity near the edges is more significant. The diffusivity at
30 Torr is lowered which results in strong variations in Cl-atom concentration across
the wafer. Figure 4 shows a contour plot of Cl atom mole fraction in the reactor at 10

-i m Torr and 20 sccm. The wafer acts as a sink for CI atom. Hence, the Cl atom mole
fraction in the vicinity-of the wafer increases in-a direction normal-to the wafer.
Preferably, the contours near the wafer should run parallel across-the entire wafer to
yield uniform etching. The prevailing local balance between diffusion, convection and
generation-of Cl atom determines the uniformity, as discussed before. In general, the
flow rate and species generation can-be optimized to obtain uniform etch rates.

Next we discuss the results for the magnetron enhanced etching. As mentioned
before, when a magnetic field is imposed in a direction normal to the electric field, this
enhances the local electron density near the wafer. Probe measurements [11] indicate
an order of magnitude-increase in electron density near the wafer. In the MIE
computations, this was accounted by a modified electron density profile. At 10 m Torr
and 20 sccm, the computed etch rate-for MIE is 769A/ain which is nearly 4.5 times
higher than the corresponding-rate for RIE. This follows an increase in Cl atom
concentration-near the cathode as displayed-in Figure-5. The mole fraction of Cl in the
reactor is about 0.02 indicatin a higher generation rate-compared to RIE. In order to
obtain comparable etch rates RIt, a substantial increase in pressure would be
required; however this is undesirable since an increase in pressure often results in
undercutting. A small of amount of chlorine is normally added to BCI3 to increase Cl
atom production during ..E.
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Conclusions

Process models are necessary to aid in the understanding of a complex process
such as reactive ion etching. The model can be used to predict the effects of various
process variables on etch rate and uniformity. In the present work, we have developed
a model for the discharge chemistry. The predicted etch rate for boron trichloride
reactive ion etching of GaAs compares favorably with previously reported experimental
value. Also the model was used to show that the magnetron enhanced etching yields
substantially higher etching rates than RIE. Three dimensional simulations will be
performed in the future to predict uniformity and etching profiles across the entire
wafer. In addition, work is in progress [12] to obtain information on electron and ion
distributions and electron temperature, which is crucial to the modeling of dissociation
kinetics.
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ETCHING OF GaAs ON AlGaAs IN RIE-NODE
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ABSTRACT

Using MBE and NOCVD, High Electron Mobility Transistor (HENT) strictures

were arown on two-inch GaAs wafers. The vertical structure included three

GaAs layers and two thin (3nm) A10 3Gao7As etch stop layers to control precisely

the depth of the etched recess and hence the threshold voltage of the

devices.

The structure below the second etch stop layer depends on the particular

device to be fabricated, but is irrelevant for the etching process.

The selective reactive ion etching of GaAs on AlGaAs is done by a Leybold

MPE 3003 Plasma Etcher. The etch gas used is CF2Cl2 for GaAs and Ar for
AlGaAs. The pressure lies between 30 pbar and 100 pbar and the self bias

voltage between 47 V and 250 V.

The standard deviation for enhancement FETs is 12 mV for Vt - +0.13 V and for

depletion FETs 18 mV for Vt = -0.48 V.

INTRODUCTION

Gate recess etching is used to fabricate high speed transistors in

GaAs/AlGaAs heterostructures. This technology is desirable for producing

devices with low source resistance. The etch depth of the recess can be

defined by selective etching.

HEMT devices are ideal candidates for selective etch processes as the

GaAs/AlGaAs interfaces provide convenient etch stop barriers.

The vertical structure of our devices contains two GaAs/AlGaAs hetero-

interfaces. The gate of the depletion IIEMT is deposited on the second GaAs

layer, whereas the enhancement gate is deposited on the third GaAs layer. The

AlGaAs layers act as etch stops.

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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EXPERIMENTAL

An all dry etch process was carried out in a commercia 13.56 MHz

parallel plate Leybold (MPE 3003) reactor. In this reactor the wafers are

placed on a 2" wafer-holder in a nitrogen purged load-lock. From here, the

wafer-holder is transferred into the recipient where it is placed onto the

lower electrode,

The background pressure in the etching chamber is 10-7 mbar. The etch gas

enters the chamber through nozzles in the upper electrode and the flow of the

gas is controlled by a MKS-flowmeter. The RF-power is applied to the lower

electrode. The distance between the two electrodes is about five centimeters.

ETCHING

By varying to the etch conditions, we can produce anisotropic or isotropic

etch profiles. Anisotropic etching means that the etch window coincide with

the upper opening in the resist.

The first step of the etch process is the removal of the silicon nitride

protection layer using CF4 as etching gas.

The next step defines the etch trenches for the gates, and varies depending

on whether D- or E-FETs are to be produced.

The D-FETs require only one etch step and a HC dip for the removal of the

AlGaAs layer. To avoid a short circuiting of the gate, the GaAs cap layer is

etched isotropically with Freon 12 (CF2Cl2) at a pressure of 100 pbar. The

undercut shown in Fig. I is about 50 nm.

IT
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7J

Fig. 1 0.2 pm recessed gate by RIE, demonstrating the undercutting

of the GaAs cap layer with respect to the SiN layer.

In order to stop on the first AlGaAs layer, we have to choose low power

and low voltage parameters. For RF-power values below 80 W, the selectivity
of GaAs to AlGaAs is extremely high. Mild etching conditions are also

desirable to keep the radiation damage as low as possible.

Etching of the E-FET is more complicated because the E-FET requires a

multiple etch stop process. The first step includes the removal of the GaAs

cap layer. Anisotropic etching is done using Freon 12 at 60 pbar and 102 V

giving an etch rate of 360 nm/min. Under these conditions we achieved a good

selectivity of GaAs to AlGaAs (Fig. 2).

Without the AlGaAs-stop layer the GaAs would be etched more than 400 nm in 80

seconds.

Although the thickness of the cap layer is only 30 nm we overetch by a factor

,f 10 in order to get the required undercutting of the trenches.

The undercut of the structure is a function of the etching time and pressure,

and is demonstrated in Fig. 3 by varying the pressure at constant time.

In the next step the first AlGaAs-stop layer is removed. There are different

methods to do this e.g. by etching with CF2CI2, by sputtering with Ar, or by

removing the stop layer using a wet chemical etch.

The final step is to etch the GaAs layer under the first AlGaAs layer using

CF2Cl2 , at 100 pbar, and 55 V.
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RESULTS

After metallization and further processing the following results were
obtained for our vertical HEMT structure. The average threshold voltages of
D- and E-type devices (236 chips) were -0.48 V and +0.13 V respectively. The
corresponding standard deviations in threshold voltage are 18 and 12 mV. Very
high transconductance values were obtained: 388 mS/mm (std. dev. 8.1 mS/mm)

for D-type and 485 mS/mm (12.6 mS/mm) for E-type device, both with 0.7 pm
gate-length. For 0.5 pm E-type devices, the average transconductance was

560 mS/mm.
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t
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ABSTRACT

The temperature dependent etching of GaAs and InP using both molecular and remote plasma
activated- C12 and HCI is examined. GaAs etches nearly three times faster in a remotely

generated C12 plasma than in a molecular Cl2 environment with plasma off. The temperature

dependance from room temperature to 2500C is similar for both cases. Significant etch rates of
GaAs are observed for HCI remotely generated plasma-even at room temperature (-1000
A/min). Although the etch rate for InP below 150 0C is quite low for either C12 or HCI, the
relatively fast, temperature independent etch rate above this temperature is comparable to that of

GaAs. The results are compared to RIE and a thermodynamic model.

INTRODUCTION

The formation vertical and angled structures in electronic and optoelectronic III-V

compound devices has increasingly been carried out through a variety of directional, dry

etching techniques. Typical dry etching techniques incorporate both a chemically reactive
component with a superposed physical sputtering component to achieve high etch rates and

control of profile. There has been increasing sensitivity to the damage that- may be induced
particularly by the sputtering component and realization that further knowledge of the purely

chemical reactions is required both for damage-free etching and for the general preparation of
surfaces for in situ processing[l-3]. This paper discusses the etching of GaAs and InP under
the influence of thermally activated and remote plasma activated chlorine-containing radical

beams. Our results indicate the potential for low damage etching using radical-beams alone and
highlight some important factors for achieving more efficient, ion enhanced etching.

We report etch rate versus temperature data for GaAs and InP in a well controlled, load-
locked environment, using Cl2, HCI and the CI* radicals produced by these gases. The use of
an HCI, rather than a C12 remotely generated plasma, gives appreciable etch rates (-1000

A/min) even at-room temperature. InP etching in HCI or Cl2 -remote plasmas shows a large

j activation energy of -55±15 kcal/mole at low temperatures (< 125*C) , but suggests that
substantial enhancements of etch rate (with or without ion assistance) are achievable by

carrying out etching at modest temperatures of -150'C. Comparisons to RIE and
thermodynamically predicted etching rates give insight into the mechanisms of chlorine based

chemical etching.

Mat. Res. Soc, Symp. Proc. Vol. 158. 01990 Materials Research Society
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EXPERIMENTAL

With considerations of low damage, we designed a dry etching system which is load-
locked and achieves a typical base pressure of -5x10 "7 Torr. Radical beams are formed

through the coupling of microwave power (via a McCaroll microwave cavity operating at 2.45

GHz) to the particular etch gases flowing through a quartz tube (Figure 1). The plasma region

is approximately 25 cm from the sample with the end of the quartz tube extending to a point
approximately two centimeters from the sample. The sample stage is temperature controlled

and temperatures as high as 250 0C can be obtained. Experiments were done with a microwave
cavity-power of 50 W for the "plasma on" condition while flowing 5 sccm of etching gas
(chamber pressure - 4x10 4 Torr). Samples are either n+GaAs (-2x1018 cm-3 Si) or n-InP

(-2x101 8 cm-3 S) and received a brief pre-etch in 10% HCI to remove native oxides prior to

chamber loading.
MICROWAVECAVITY/ GA

PLASMA NE

REGION"

LOADLOCK

-TEMPERATURE

CONTROLLED
STAGE

SAM k9--'

"f- -- PUMP "

Figure 1. Schematic diagram of the apparatus used for remote plasma etching.

RESULTS AND DISCUSSION

GaAS etching with C12 andHCI
Figure 2 shows the etch rate temperature dependence for GaAs by Cl2 (plasma on and off

conditions) and HC! (plasma on). The plasma off condition yielded no etching up to 250'C.

Molecular chlorine (no plasma) yielded significantly high etch rates at relatively low

temperatures (-800 A/min at T = 100'C). Recent work carried out by Miyamoto et al. [4]
shows similar GaAs etching of a few hundred A/min at 100,C for 8 x 10.4 Torr CI2.
Miyamoto's data, in the 100-200 0C temperature range give an activation energy of -8
kcalmolc and our data from roonm temperature to -i00-C give a comparable activatton energy
of-7 kcal mole. We note that within experimental error and the difficulty in determination of
the proper region of fit, our data is consistent with Miyamoto's. Identification of the proper
region of fit is complicated by the smoothly varying form of the etch rate versus l/T curve,
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presence of several activation energies, corresponding to different rate limiting steps. Both
Miyamota's data and ours show a range of temperatures of which the etch rate dependence on
temperature is greatly reduced; in the case of Miyamoto's experiments, the etch rate is

temperature-independent from 2000C to 400TC. Our etch rate versus temperature data flatten
out towards T > 175 0C.

Temperature (°C)
250 200 150 100 50

101 i I I

Q 4, " Cl2 plasm a on
" HCI plasma on

101

'1.9 2.3 2.7 3.1

1000/Temperature (l/K)

Figure 2. Etch rate vs reciprocal temperaturefor GaAs etched by C12 and HCi.

Thus, molecular chlorine "cracks" upon adsorption to GaAs, and gas phase created Cl"
radicals are not necessary for etching. However, when gas phase CI* radicals are generated,

the etch rate increases by a factor of nearly three and permits observation of room temperature
etching (-300 A/min). Previous work by Sugata [5] had remarked on the absence of etching at
room temperature in the presence of ECR-generated chlorine radicals, although in situ Auger
confirmed the presence of considerable chlorine adsorption. Later work by the same group [6]
did observe room temperature etching GaAs by chlorine radicals at significantly reduced
chlorine pressure and with a radical beam pre-clean of the substrate. For CI* radical etching,
as with the reaction with molecular chlorine, we again see a change to an apparently lowet
activation energy at higher temperatures. The similarity in reaction mechanisms is manifested
in the similarity between the curves for the plasma on and off cases. Etch results in the
presence of a plasma (RIE) also show a stron, temperature dependence but with an activation

energy typically associated with the 11.4 kcal/mole desorption energy of GaCI3 [7]. In our
system, we believe that the temperature dependence and correspondingly lower activation
energy arises from a rate limiting process other that GaCI3 desorption and which may depend
on Cl2 adsorption/reaction dynamics. The data of Sugata, showing both no room temperature
etching, even with the initiation of chlorine radicals, and an extraordinarily high activation
energy (-500 kcal/mole). suggests that the ongoing competitive reactions with su.rface
contaminants during etching may play the dominant role at low temperatures in determining the
achievable etch rates[8].
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From purely thermodynamic arguments, etch reactions in these pressure regimes should be
temperature independent. McNevin [9] concluded that up to a saturation limit Cl2 (a pressure
related to the vapor pressure of GaCI3) the etch reactions should be limited by the amount of
Cl2 present and not by the desorption of the GaCI3 product. The saturation limit of chlorine is
< 0.1 Torr at room temperature and increases with increasing temperature. Therefore, one
would expect to observe temperature independent etching for studies carried out below those
pressures, at or above room temperature.

Temperature (00)
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Figure 3. Etch rate vs reciprocal temperature for GaAs as a function of HCI flow rate.

In contrast to the behavior in Cl2 , no etching of GaAs took place in HCI even at
temperatures as high as 2501C unless a plasma was initiated. Curves of GaAs etching in HCI
with the plasma on are shown in Figures 2 and 3. The sizable etch rates observed for remote
plasma HCI even at room temperature (-1000,A/min) are significantly different from those
found with Cl2. Etch rates of GaAs with the HCI plasma on were largely temperature

independent and remained independent over a wide pressure/flow regime. In this case, the lack
of temperature dependence is consistent with McNevin's thermodynamic predictions.
Assuming that desorption (or etching) of a steady state "contaminant" layer which is largely
residual oxide is responsible for the temperature dependent etching that we observe for GaAs in
C12, then the removal of that layer with HCI should yield temperature independent etching.
Contour et al. [10] have used 0.1 Torr HCI at room temperature to perform an in situ clean of
GaAs prior to MBE growth. In situ XPS confirmed the removal of oxide on the GaAs

substrate, without etching of the substrate itself.
We might expect the surface morphology as a function of temperature to be markedy

different for C12 and HCI in that the transition from "rough" to "smooth" surfaces would occur

at a lower temperature for HCI etching. Unfortunately the data-f-om Nomarski photographs is
ambiguous. However, in general, the substrate surfaces do tend to become smoother with
increasing temperature.



411

lnP etching with C1.2 and HCI
Figure 4 compares the etch rate in activated chlorine (plasma on) versus temperature for

both GaAs and InP. The data for InP etching in Cl2 differ from those for GaAs primarily by
the threshold temperature for which etching is observed. Molecular C12 also etches InP,
apparently quite efficiently since the radical beam (plasma on) produces an etch rate only
slightly faster than the molecular Cl2 beam. In this case InCl3 is less volatile than GaCI3 ,
having an activation energy of-38 kcal/mole [9]. The desorption of InCl3 therefore limits InP
etching at much lower Cl2 pressures than for GaAs/Cl 2 etching; McNevin's predicted Cl2
saturation limit was 5x10 4 Ton" at 2250C (and again drops sharply as temperature decreases).
Our data in fact follow the thermodynamic prediction qualitatively well - a steeper curve of etch
rate vs. 1/T at the lower temperatures, with no appreciable etching observed until T = 150°C;
thereafter, a much reduced temperature dependency is observed, as we become limited by
chlorine flux rather than by InCl3 desorption.

The etch rates of InP and GaAs are comparable at T > 1500C. It has been observed [1 1]
that RIE of GaAs and InP under identical conditions yields lower etch rates for InP and more
poorly controlled sidewall anisotropy precisely because of the-lower vapor pressure of the
InCl3 etch product. The work presented in this report suggests that more rapid etching of InP
could be achieved at higher temperatures, even for the case of ion-enhanced etching. Either the
directionality provided by the ion bombardment or the effect of sidewall masking by the etch
product may result in fairly anisotropic etch profiles.

The comparison between GaAs and InP etched with HCl is made in Figure 5. Etching of
InP in HCI shows similar behavior to etching in C12. The work by Contour et al. indicates that
HCI fails to remove the oxide on InP. Since InP is unaffected by any "cleaning" properties of
HCl (unlike the situation with GaAs) it should behave largely as it does for 012, with the low
temperature behavior determined by a combined effect of surface contamination and InC13
desorption.
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Figure 4; -Etch rate vs reciprocal temperature Figure 5. Etch rate vs reciprocal temperature
for GaAs and lnP etched by Cl2 (plasma on). for GaAs and lnP etched by HCI (plasma on).
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CONCLUSION

We note that in many of the current applications of dry etching, the most important criteria
may be low damage, high chemical selectivity and controlled etching through thin (few
hundred A) layers, rather than a rapid etch rate. Where etching through thin layers, lateral
etching of less than 100 A may be tolerable. Our measurements of thermally activated and

remote plasma activated plasma etching show that-in a suitably clean, load-locked system,
reasonably high etch rates of -I000 A/min are obtainable at low temperatures (-1251C) for
InP, as well as GaAs. Where rapid, straight-walled etching is required, some ion-imposcd
directionality may be combined with etching at an elevated temperature to obtain substantial
augmentation and improved anisotropy of InP etch rates.

The use of HCI in GaAs etching, which also effectively removes thin native oxide layers,
in fact allows us to achieve rapid etch rates at room temperature, and has also allowed us to
observe the temperature-independent, flux-limited etching behavior predicted by
thermodynamic calculations. Finally, noting in Figures 4 and 5 the large disparity of etch rates
between GaAs and /nP at room temperature and nearly equi-rate etching at higher temperatures,
we suggest that highly selective etches may be developed which could also be useful in
passivation, etch and regrowth schemes. The capabilities of such an ion-less etch scheme for
low damage, together with the etch enhancement at low temperatures, are apparent.
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HOLLOW COLD CATHODE ION SOURCE
FOR REACTIVE ION-BEAM ETCHING

A.I. STOGNIJ AND V.V. TOKAREV
Institute of Solid State and Semiconductor Physics, the BSSR

Academy of Sciences, P.Brovka 17, Minsk 220726, USSR

ABSTRACT

A wide-aperture reactive gas ion source has been deve-
loped for various ion-beam processings in high vacuum (p <
< 5xI0 "2 Pa). The peculiar feature of the ion source is that
two-stage self-maintained low-pressure discharge is used here
as a plasma emitter. This provides high operating parameters
of the source along with simple diode-type structure.

WIDE-APERTURE REACTIVE GAS ION SOURCE

Modern techniques of resolving scientific and technologi-
cal problems in high vacuum using ion beams require an effi-
cient g~s discharge ion source, especially 02 source or a
source with 02 addition, which can ensure beams with uniform
density amounting to .- I mA/cm on the surface area of 100
cm 2 and over. The difficulties arising here are concerned
first of all with the decomposition of electrodes which are
heated in the course of chemical reactions proceeding on their
surface in 02 containing atmosphere. The removal of these
electrodes from the ion source design leads to the rise of

-energy consumption for the generation of ions in the discharge
and minimal pressure rise which finally decrease ion source
efficiency on the whole.

We have developed a wide-aperture ion source in which a
two-stage self-maintained low-pressure discharge is used as a
plasma emitter [1,23 , ensuring high ion source parameters
without employing hot electrodes. To form the uniform plasma
emission boundary the ion source has a constant polarity mul-
tipole magnet system located along the hollow cathode periphe-
ry just near the emission electrode. The general view of the
source is shown in fig.l.

The source discharge chamber incorporates 60 mm high
and 130 mm in diameter hollow cathode, closed from the ends,
and a flat anode located symmetric about the cathode axis.
An expendable insert with a central contracting hole 6 mm in

Hollow cathode bottom end, which serves as an emission
electrode, and an accelerating electrode form many-aperture
flat ion beam contraction system. The collection of ions is

executed through 800 coaxial pairs of holes. The holes are

Mat. Res. Soc. Symp. Proc. Vol. 158. ©1990 Ma'erlals Research Society
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2 mm high and 2.9 mm in diameter and they uniformly perfora-
te each electrode on the surface 126 mm in diameter. The
height of the acceleration spacing between the emission and
the accelerating electrodes amounts to 2 mm.

All electrodes are made of stainless nonmagnetic steel,
insulators are made of caprolon. The magnet system is located
along the hollow cathode periphery just near the emission elec-
trode. It contains 22 equally spaced Sm-Co magnets 6 mm high
and 10 mm in diameter with a maximum magnetic flux density of
95 mT each. The like poles of these magnets are facing the
cathode centre, their axes being perpendicular to the cathode
axis. The magnet sytem is located within the cathode forced
cooling flue to rule out the possibility of overheating.

Working gas is supplied into the ion source through the
anode axial hole (2 mm in diameter) and is pumped out through
the extraction system holes. The pressure in the beam drift
region amounts to ,.1072Pa, inside the cathode cavity it
amounts to 0 1O Pa, in the spacing between the anode and the
cathode it amounts to ,- 1 Pa at a gas flow rate less than
3x10 2 m • Pa/s and vacuum facility efficiency of about 0.5 nf/s.

Fig.1 The general view of the ion source

Discharge is initiated by a short-time gas impulse after
gas flow rate is set at a value above 0.9x10-m xPa/s and
-.400 V is applied between the anode and the cathode. The
structure of gas discharge plasma includes equipotential
cathode and anode parts (cascades). Cathode plasma is separa-
ted from the hollow cathode walls by the cathode potential
drop layer of 220-260 V which thickness amounts to 4-6 mm.
Anode plasma, which has a greater density adjoints anode and
penetrates through a contracting hole into the hollow cathode
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as an oval plasmoid with typical dimensions of 5-15 mm. Anode
and cathode plasmas are separated by a double electric layer,
the potential drop at which amounts to 40-60 V.

Bulk generation of charged particles in a cathode cas-
cade is executed by secondary emission electrones from the
cathode walls -which are accelerated in the cathode potential
drop layer and are oscillating in the cathode cavity. Ioniza-
tion in the anode cascade is carried out by plasma electrones
which gain the necessary energy in Langmuir oscillation fields.
Langmuir oscillations are generated by the electron beam
from the cathode cascade. Electrones are accelerated at the
double layer when they migrate to the anode. Ions are collec-
ted into a beam both from the cathode plasma (40-50%) and
from the anode plasma (50-60%). Ions from the anode plasma
gain energy at the double layer and arrive at the emission
boundary in the form of a divergencing flow. The existence of
two groups of ions at the emission boundary ensures extraction
efficiency up to 15% of the discharge current.

Ion source characteristics (with 02 as a working gas)
are presented at fij.2 for two gas flow rates, Q = 10"2 mgx
xPa/s and 2.5x10 m x Pa/s.

Ud, V

___ I bmA
28080

24080

40

0,2 0,6 Td,A
Fig.2 Ion source characteristics

Here 1 and 2 are V-I discharge characteristics, U4 - dischar-
ge voltage, Ia - discharge crrent, 3,4 - ion current depen-
dences on 14 at Q = 1.1xl0-m xPa/s and accelerating voltage
Uo.,. = 4 kV and 2 kV, respectively. Extraction efficiency
decrease at 14< 0.4 A and 14> 0.8 A is explained in the first
case by the localization of the anode cascade in the contrac-
ting hole and in the second case by the penetration of the
anode plasma into the region of anode-cathode spacing. The out-
come in both cases is hindering the ion transport from the
anode cascade to the emission boundary. At q < 0.9x 10-2m
x Pa/s ion source operates unstable. Discharge voltage drops
down to the level present at q - 2.4x10"2m3 x Pa/s and then

4
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remains constant upon gas flow rate increase at a constant
discharge current.

From the one hand, ion flux from the anode cascade inc-
reases ion source extraction efficiency, from the other hand,
it is responsible for the decrease of plasma density profile
down from the source axis to the periphery near emission
boundary, which results in the nonuniform beam current densi-
ty. Plasma density profile levelling along with the uniform
sectioning of ion beam is achieved by inducing multipole mag-
netic field of constant polarity by the magnet system, disc-
losed in the description of the ion source design. The mag-
net system enables one to increase the life time of the oscil-
lating electrones directly along the cathode periphery near
the emission electrode by confining them in the magnetic
field and without disballancing discharge cascades. All this
results in the formation of ion beam with L -shaped current
density profile. Current density value reaches 1 mA/cm2 , its
nonuniformity does not exceed ± 5% on- the area of 120 mm in
diameter at Id 0 .8 A, Ueij. 2 keV, Q - (1.2-2.4) x 10'2 m3 x
x Pa/s and at distances from accelerating electrode of 50 -
- 250 nm. Obtained with the three-electrode electrostatic
energy analyzer ion energy straggling does not exceed 50 eV.
Ion beam mass spectra show that it is composed of 65% of sin-
gle charged 02 ions, up to 25% of 0 ions and some percent
of multicharged ions and various impurity ions. Ion source
life time exceeds 100 hours when it operates without notice-
able deviations.
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REACTIVE ION ETCHING OF In-BASED IlI-V SEMICONDUCTORS
-COMPARISON OF Cl AND C2H6 CHEMISTRIES

S. J. PEARTON, U. K. CHAKRABARTI, F. A. BAIOCCHI AND W. S. HOBSON

AT&T Bell Laboratories, Murray Hill, NJ 07974

ABSTRACT

The reactive ion etching of InP, InGaAs and InAlAs - CC12 F2 /0 2 or C2 H6/H2
discharges was investigated as a function of the plasma parameters pressure, power density,
flow rate and relative composition. The etch rates of these materials are a factor of 3-5
times faster in CC12F2/0 2  (-600-1000 A - min- ') compared to C2 H6/H2
(160-320 A m in-I). Significantly smoother morphologies are obtained with C2 H6/H2
etching provided the composition of the plasma is no more than 10 - 20% by volume of
C2H6. At higher methane compositions, polymer formation increases leading to
micromasking and rough surface morphologies. Sub-surface disorder is limited to <100 A
deep for both gas chemistries for plasma power densities of 0.85 W - cm - 2. The C2H6/H2
mixture leaves an In-rich surface in all cases, but this surface is free of any residual
contamination, whereas the CCI2F2 /02 chemistry leaves chloro-fluorocarbon residues
approximately 20-50 A thick on the "!rface of all three In-based materials.

Introduction

The increasing importance of InP-based photonic and electronic devices requires the
development of controlled methods for fabricating mesa-type structures. For small area
devices wet chemical etching is simply unable to achieve the kind of anisotropic removal
of material necessary to maintain the target dimensions. While there are beginning to
appe, r some reports of simple devices fabficated using CH4/H2 dry etchingt t'2', work is
still required to demonstrate that this gas mixture is completely acceptable as a replacement
for Cl-based mixtures in etching InP and related compounds. In particular in laser
structures it is often necessary to epitaxially regrow on the etched surface, while in
heterojunction bipolar transistors ohmic contracts are fabricated after etching. Since either
of these processes will be adversely affected by residues remaining after exposure to a
reactive discharge, or by near-surface plasma-induced damage, it is necessary to thoroughly
investigate the characteristics of InP, InGaAs and InAlAs surfaces after dry etching in
organic-based discharges. In this paper we report a study of the dependence of etch rate of
these materials on the pressure, power density, gas flow rate and relative composition of a
C2 H6/H2 discharge, and measure the near-surface disorder iniduced using ion channeling
and transmission electron microscopy. The surface stoichiometry was measured by Auger
Electron Spectroscopy (AES) and X-ray Photoelectron Spectroscopy (XPS). In all cases
we have compared the characteristics of C2H6/H 2 reactive ion etching with those of a
more conventional gas mixture, Freon 12-oxygen (CCI2F2/0 2)131.

Experimental

A variety of samples were used in the work. The InP wafers were cut from Fe-
doped, semi-insulating (>107 0 cm), (100) oriented crystals grown by the Liquid
Fncapsulated C.chraski (LEC) technique. Prior to patterning with photoresist they were
etched in 5H 2SO 4:IH 2 0,:IH20 for 5 mins to remove polish-induced damage that might
affect the etch rate. The 1n0 53 0a. 47As and ino 52 Al0.48 As layers were grown lattice-
matched to Fe-doped InP substrates within a barrel-geometry Organo-Metallic Chemical

Mal. Rea. Soc. Symp. Proc. Vol, 158. 41990 Materials Research Society
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Vapor Deposition (OMCVD) reactor operating at atmospheric pressure. The source
chemicals used were trimethylgallium, trimethylindiun and arsine, and the layers were
nominally undoped with n-type carrier concentrations < 1016 cm -3 .

For etch rate measurements the samples were selectively patterned with AZI350J
photoresist to give a variety of lines and spaces ranging from I - 50 pm in width. The
mask openings were descummed by exposure to a 50W oxygen plasma for 3 min in a
barrel reactor, and native oxide was removed by rinsing in NH 4OH:H 20 immediately prior
to loading in the RIE chamber. The etching was performed within a stainless steel, parallel
plate reactor (Materials Research Corporation Model 51) with a 15 cm diameter powered
lower electrode covered with a quartz plate. The total discharge pressure was varied 4 - 40
mTorr, the plasma power density from 0.4 - 1.3 W • cm - 2, and the etch rate measured for
times up to 12 rin. The discharge compositions were also varied, from 5 - 60% C2H6 by
volume in the C2 H6/H2 mixture, ail from 25 - 95% CC12F2 by volume in the CC12F2/O2
mixture.

Results

(a) Etch Rate Dependencies

Based on our past experience with etching other materials in CC12F2/0 2 and
C2H6/H 2 mixtures we used a set of standard conditions for most of the RIE treatments.
The compositions were 19CC12F2 /10 2 and 2C 2H6 /18H 2 respectively, at total gas flow
rates of 20 sccm in each case, and a plasma power density of 0.85 W cm - 2,
corresponding to self-biases on the cathode of 430V for C2H6/H 2 discharges and 445V for
CC12F2 /0 2 plasmas. The total gas pressure in each case was 4 mTorr for standard etching
runs.

Figure 1 shows the dependence of the etched feature depth on etching time for InP,
InGaAs and InAlAs reactively ion etched in CCI2F2 /0 2 or C2H6/H 2 under our standard
conditions. There are three features to note. First, there is no delay between ignition of
the discharge and the commencement of etching, which is sometimes observed with
CC12F2 /0 2 RIE of AIGaAs and related materials. Second, the etched depth increases
linearly with time up to 12 minutes. The crater depths were measured on triangular shaped
openings in the mask, with sizes of either 5 pm or 50 gm on a side, and there were no
significant differences in etched depth noted between the two. It is likely that in very
small (5 1 pm) feature sizes that the etch rate would decrease with time because of the
increasing difficulty of sweeping out the etch products. The third feature to note is that the
etch rates are significantly higher for CCI2F2 /0 2 discharges, which is consistent with past
observations.

Figure 2 shows the dependence on plasma power density of the etch rates of InP,
InGaAs and InAlAs in both types of discharge. For the CC12F2 /0 2 chemistry there is an
essentially linear increase with increasing power density, while for the C2H6 /H. chemistry
the increase with power is initially very slow in the range 0.4 - 0.8 W . cm , and then
shows a linear increase. This emphasises the role of ion sputtering in tile etch mechanism
using C2H6 /H 2 because the purely chemical component of the etching is very small.
Some degree of ion sputtering appears necessary either to increase the desorption rate of
the etch products, principally the group III product, or to provide the energy necessary to

promote-the surface reactions to completion.
It has been previously established that the relative fraction of ethane and hydrogen in

the discharge is a critical parameter in determining the etch rate of InP, GaAs and AIGaAs.
It is reiterated by the-results shown in Figure 3. The increase in etch rate we observe for
C2H6 fractions up to 25% is presumably due to an increase in the active species
concentration, whereas above 25% there appears to be a competition between polymer
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deposition and etching, and the etch rate decreases with increasing ethane composition. At
high C2H6 concentrations (> 40% by volume) a brown film could be observed on the
photoresist mask, and there was a heavy polymeric coating around the reactor-walls under
these conditions. In contrast to the results for C2H6/H 2 RIE, tile etch rate of all three
materials shows a slow increase with increasing Freon 12 concentration until at a ratio of
0.75 CC12F2 to 0.25 02 the rate rises in a super-linear fashion. This general trend would
be expected as more active Cl species are supplied to the semiconductor surface, leading to
a rapid increase in etch rate with increasing CC!2F2 composition. It is interesting to note
that the etch rates of all three materials is actually greater for the C2H6/H 2 mixture at low
values of C2H6 or CCI2F2 compositions.

40,00c 085 W*cm 2
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Figure 1. Etched depth in InP, InGaAs and InAlAs as a function of time in a
2C 2H6:18H 2 or 19CC12F2:10 2 discharge, each at a pressure of 4 mTorr and a
power density of 0.85 W- cm-2 .

In- general we observed smooth etching for C2H6 concentrations less than 40%, and
for total pressures less than approximately 25 mTorr. For higher pressures and larger
ethane fractions the sidewalls showed increasing undercutting. Increasing the plasma
power density also improved the etched- surface morphology and anisotropy when holding
the other discharge parameters constant. This is also consistent with the idea that ion
bombardment plays an important role in the etch mechanism for C2H/H 2 dikchaeq
Under most conditions RIE of InP, InGaAs and InAlAs in CC12F2/0 2 led to relatively
rough surface morphologies, and severely overcut sidewalls.
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Figure 2. Average etch rate of InP, Figure 3. Average etch rate of InP,

lnGaAs and InAlAs in 2C2H6/18H 2 or InGaAs and InAlAs as a function of gas
19CC12F2/10 2 discharges, as a function of composition in C2H6/H2  or

the plasma power density. CC121F2/0 2  (0.85 W • cm -2 , 4 mTorr)
discharges.

(b) Structural Damage

The introduction of near-surface disorder by the RIE treatments was also investigated
by glancing angle He' ion channeling. Figure 4 shows the relative intensity of
backscattered 2 MeV He' ions in an aligned geometry from a control InP sample, and

another sample etched in 2:18 C2H6/H 2 discharge (0.85 W • cm - 2, 4 mTorr, 20 sccm, 4
mins). The near-surface peak is a result of the presence of a native oxide and some surface
reconstruction, and has a full-width-half maximum of -50 A which is basically the
resolution of the ion channeling measurement. After dry etching in C2H6 /H 2 the damage
peak extends to -300 A and is a result of ion-induced disorder caused by energetic ions
crossing the plasma sheath. Electrical compensation due to the introduction of point
defects in the material is measurable to a depth of -1000 A, which is much greater than
the projected range of 430 eV HI in nP. These would be the most energetic ions in the
plasma, and would have the greatest range in the sample. The fact that the depth of point
defect introduction is so deep -has been ascribed to channeling of the bombarding ions in
the near-surface region.15.6I This has been treated in more detail in a previous
publication.161

Layers of InAlAs etched in C2H6/H 2 under the same conditions as the InP just
discussed did not show any evidence for the -introduction of plasma-induced damige. The
InAlAs therefore appears to be- even more resistant to the introduction of damage than InP.
For samples of InP and InAlAs etched in CCI2 F2/0 2 we did not observe any disorder
detectable by ion channeling, which implies if any damage was present it was contained
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within -50 A from the surface. This is consistent wih the heavier mass of the fragment
ions in this type of discharge in comparison to the light H ions in the C9H6/H 2 plasma,
and the consequent shallower damaged layer due to the energetic ions crossing the plasma
sheath,

3000
.J
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z 2400 - RIE 2I \6/48H 2

O.85W-aCm 2
U. 4800- 4 mTorr /
Cr 4 mlns
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SI I _j

50 220 290 360 430 500
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Figure 4. Ion channeling aligned spectra from control and reactively ion etched lnP
(2C.,H 6/18H 2, 0.85 W • cm- 2,-4 mTorr, 4 mins).

(c) Surface chemistry

The composition and chemical bonc ing in the near-surface region after RIE in both
mixtures was examined by AES and small area XPS. Figure 5 shows AES surface scans
of an lnP control sample, and samples etched for 4 min in either 19:1 CCI2F2/0 2 or 2:18
C2 H6/tt 2. There are several notable differences between the samples. First, after
C6 H6/H 2 the TnP shows a deficiency in P in-the near-surface region relative to the control
sample or the one etched in CCi2F2/0 2. Second, the C21-6/H2 chemistry appears to leave' a much cleaner surface titan CCI2F2/02, In the latter case CI is detected, as well as a
much higher C signal. By contrast, the sample etched in C2H6/H 2 appears to have even
less C on the surface than the control. This is consistent with previous results showing
that hydrogen-containing plasmas are very effective in removing carbon from
semiconductor surfaces. 1 ,91 The P deficiency after this type of etching is also expected
because of the high probabilities for formation of PH3 , and has been demonstrated by a

itber of authors.lt ° 2I 3j
The average elemental composition in the top 100 A of each sample, and for TnP and

InAlAs samples etched in the same way, was estimated and is reported in Table 1. The
surface C concentration for the-control samples or those etched in CC12 F2/0 2 varied from
40 to 45 atom percent, which is within the range expected for atmospheric contamination.
The oxygen concentration in the near-surface region is clearly higher on the C2H16/H 2etched samples, and this may be related to a higher chemical reactivity of these surfaces
after the particular type of ion bombardment they incurred during the etch. Chlorine and in
some cases fluorine contamination is evident for the material exposed to the CC12F2 /0 2
discharges,
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Figure 5. AS survey spectra from control and RIE InP samples etched either in

2C2 H6 /18H 2 (0.85 W •cm -2, 4 mTorr) or 19CC12F2/I 2 (0.85 W •c 2 , 4

mTorr).

Table 1. XPS elemental composition data measured from the top 100 A of each
sample and expressed in atomic percent units for the elements detected.

SAMPLE C 0 F Al P Cl Ga As In
InP control 42.7 24.0 - - 17.3 - - 16.0
InP-C 2116/H2  30.9 38.0 - 4.8 - - - 27.3
lnP-CCI2 F2 /02  5.0 24.0 - - 16.4 4.3 - - 10.3
InGaAs-control 45.0 27.0 - - - 6.7 8.9 12.4
InGaAs-C 2H6/H2  34.0 37.0 - - 6.4 13.0 9.6
InGaAs-CCI 2F2 /02  44.0 26.0 2.0 - - 2.1 5.6 8.6 11.7
InAAs-control 40.0 26.0 6.0 - - - 16.4 11.'6
InAlAs-C 2 H6/H2  20.5 49.5 - 17.7 - - - 6.9 5.4
InAAs-CCI,F2/0 2  40.0 24.2 9.0 8.1 - 3.0 -8.9 6.8

Etch Conditions :2C 2H6/18H 2, 0.85 W cm -2 , 4 mTorr.:19CCI2F2/O2, 0.85 W cm 2 4 mTorr.
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Summary and Conclusions

A comparison of the etching characteristics of C2 H6/H 2 and CCi2 F2/0 2 for lnP,
InGaAs and InAlAs yields the following main conclusions:

1. The etch rates of these materials under standard conditions are a factor of 3-5
higher for CC!2F2 /0 2 relative to C2 H6 /H2 . There is no delay in initiation of the etching
upon ignition of the plasma for either mixture, and the maximum etch rates for the latter
chemistry occurs at a concentration of 25% by volume in the discharge. Some degree of
ion bombardment appears to be necessary for efficient desorption of the etch products for
C2H6H2 RIE.

2. The etched surface morphology is smooth for InP, InGaAs aad InAlAs for C 2H 6
compositions of -<40% in the C2H6/H 2 chemistry, while for CCI2 F2/0 2 etching all of the
materials show generally rough surfaces over the whole range of plasma parameters. No
lattice disorder is detectable by ion channeling for CCI2F2 /0 2 RIE even for high power
density (1.3 W. cm "2) discharges, but for C2 H6/H 2 etching damage is detectable to
-300 A in InP under these conditions. InAlAs appears to be more damage-resistant than
InP.

3. The C2H6/H 2 chemistry appears to leave an inherently cleaner surface on all
three materials than CCI2F2 /0 2 . There is less carbon remaining on the InP, InGaAs and
IrAlAs after C2H6 /H2 RIE than on the control samples, but more oxide is present.
Chlorine-containing residues are detected on all three materials after CC12F2/0 2 RIE.
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ABSTRACT

The temperature dependence of etch rate, surface morphology and atomic composition, and
depth of hydrogen passivation of Si dopants in n-type GaAs and AIGaAs has -been measured for
reactive ion etching in C2H6/H2. The etching of GaAs shows an increase of a factor of two
between 150 and 2501C, decreasing at higher temperatures, while there is no temperature
dependence for the etch rate of AIGaAs over the range 50-3500C. The As-to-Ga ratio in the near-
surface region of GaAs remains unchanged over the whole temperature range investigated and there
is no polymer deposition. The etched surface morphology is smooth for both GaAs and AIGaAs for
all temperatures while the depth of Si dopant passivation by hydrogen shows an increase with
increasing substrate temperature during the etching treatment.

INTRODUCTION

Recently a new gas chemistry for-dry etching of ItI-V semiconductors, utilizing methane or
ethane and hydrogen, has-been introduced."1- 3) Most of the work to date has concentrated on etching
of InP and InGaAs although smooth surface morphologies and controlled removal of GaAs has also
been demonstrated.04) Because the use of C2116/H2 or CH4/H2 is relatively new, there is little
information available on some of the fundamental properties of this chemistry. In general
temperature has been one of the most neglected parameters in dry etching of Ill-V materials which
is surprising in view of situations such as via-hole etching- in which the sample is exposed to the
plasma for a period of up to several hours with significant heating of the sample occurring. Since
several etch mechanisms may be occurring simultaneously it is not usual to observe simple
Arrhenius behavior for Cl-based dry etching of compound semiconductors.t 5 6)

In this paper we have examined the temperature dependence of etch rate, surface morphology
and composition, and changes in the near-surface doping profile in n-type GaAs and AIGaAs
reactively ion etched (RIE) in a C2H6/H2 mixture. The dopant profiles after etching at various
temperatures (50.350'C) were obtained from Hg-contact capacitance-voltage (C-V) measurements,
and the surface composition by both Auger Electron Spectroscopy (AES) and X-ray Photoelectron
Spectroscopy (XPS). The permeation of hydrogen into both GaAs and AIGaAs was obtained by
substituting deuterium in the gas mixture and profiling for its presence using Secondary Ion Mass
Spectrometry (SIMS) in a Cs' beam Cameca IMS 3f system.

Experimental

The GaAs wafers were either Si-doped (n = I x 10t 7cm-3) or undoped (p = I x 1070cm),
each with (100) orientation. The AI0.28Ga0 72As layers were grown on semi-insulating GaAs
substrates by Metal Organic Chemical Vapor Deposition (MOCVD) using arsine, trimethylgallium
and trimehylaluminum as the source chemicals, The AlAs mole fraction was measured by room
temperature photoluminescence, and the Si doping level derived from a disilane source was obtained
from C-V measurements. Some of the samples were deposited with 3000 A of low temperature
(275'C) Plasma Enhanced Chemical Vapor Deposition (PECVD) SiN.. Photoresist (AZ 1350J) was
then spun onto the samples and lithographically patterned after a hard bake at 901C for 20 mn, The
resulting pattern contained a variety of different size shanes (lines, triangles and dots), and was
transferred into the SiNx by etching with a CF4/O, plasma in a barrel reactor. Prior to RIP
treatments tile photoresist was removed using solvent cleaning, and after RIB the SiN was stripped
off in buffered HF solution.

All of the dry etching was performed in a Model 51 Materials Research Corporation parallel
plate system with a stainless steel chamber. The cathode was 6 inches in diameter and was covered

Mat. Res. Soc. Symp. Proc. Vol, 158. ©1990 Materials Research Society
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with a quartz cover plate. The samples were heat sunk to the cathode using heat conductive paste.
All of the etching was performed for 4 mins using a mixture of 4:40 C2H6:H2 at a total flow rate of
44 scem and a total pressure of 4 mTorr. These conditions were chosen based on our past
experience with this gas chemistry, and as reported by others it is necessary to dilute the ethane to
approximately 10% by volume in order to minimize polymer deposition.ti) The cathode self-bias
under these conditions was 390 V (power density 0.56 W • cm-2 ), and the reactor was pumped to
<5x 10- 7 Torr prior to introduction of the gases through electronic mass flow controllers. After
etching the samples were kept in a dry N2 glove box until they could be transferred to the various
measurement systems for analysis.

Results and Discussion

(a) Etch Rates
Figure 1 shows the temperature dependence of the etch rate of both GaAs and Alo.0 .Gao 72As

in a 0.56W -cm-2, 4mTorr, 4 C2H6:401-1 2 discharge. For GaAs the etch rate is constant up to
15000, and then increases by a factor of two between 150 and 250 0 . Above 2500C the etch rate
decreases again, and by 350'C it is virtually at the same value- as at 50'C. By sharp contrast the
etch rate of AIGaAs is basically constant over the whole temperature range investigated. The results
for GaAs are similar to those reported by Niggebrugge et. al.t) for CH4/H2 RIE of InP. In the case
of AIGaAs we do not appear to be desorption-limited at any -temperature, while for GaAs the active
hydrogen species may actually be desorbed from the material above 250'0 before they have a
change to react with the surface. This would imply that the presence of aluminum serves to reduce
this desorption. The behavior-for GaAs is non-Arrhenius and as mentioned earlier this has been
reported previously for elevated temperature RIE of GaAs-in BC13:0I2 and CC14.(56)
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Figure 1 Average etch rate over a 4 min period for GaAs and AIGaAs reactively ion etched in
a 4C2H6/40H 2, 4 mTorr, 0.56 W. cm -2 discharge.

The GaAs showed smooth surface morphologies for etching up to 35000, where some
waviness in the field of view of the SEM was apparent. The sidewalls were free of any obvious
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deposits and were sloped slightly outwards for all the temperatures investigated. Similar results
were obtained for AIGaAs, which is in sharp contrast to the rough-to-smooth-to-rough transitions
observed for elevated temperature RIE of GaAs and AIGaAs in C12-based mixtures.

(c) Electrical Measurements

The deactivation of both shallow donor and acceptor dopants in GaAs and AIGaAs as a result
of low power density hydrogen plasmas has been amply established.0 Figure 2 shows near-surface
carrier profiles in GaAs etched in a 4C2H6:40H2 , 4 mTorr, 0.56W • cm-2 discharge, as a function of
the sample temperature. All etches were for 4 min. From experiments with hydrogen-free RIB gas
mixtures we have previously detennined that ion-induced damage under our conditions is limited to
< 1500 A. Beyond this depth the reduction in carrier concentration is due to hydrogen passivation
of the Si donors. The passivation depth increases with increasing etch temperature, due simply to
the higher hydrogen diffusivity with temperature. An estimate of this diffusivity can be made as
follows: (i) taking the etch rate data of Figure 1, the amount of material removed during the 4 min
etch is calculated: (it) this depth is subtracted from the passivation depth (which we take to be the

depth at which the (loping concentration is within I of its bulk value). and the hydrogen diffusion
coefficient, D, calculated from a simple 4DF rclationship (t = 4 min). Performing this analysis for
each RIB temperature we find that the hydrogen diffusivity is thiermally activated according to the
relationship

-3l =.1x10"5 exp 0-79eV (I)

This is in reasonable agreement with the results of Zavada et. al.(s) using SIMS profiling of proton
implanted GaAs. Other authors have reported activation energies for hydrogen diffusion ranging
between 0.5 - 0.9 eV,(9- tt) but it is apparent that a number of parameters such as plasma frequency,
doping concentration in the GaAs, surface condition and hydrogen concentration both in the plasma
and in the near-surface region of GaAs, can all affect the apparent hydrogen diffusivty.(12 )
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Figure 2 Near-surface carrier concentration profiles in n-type GaAs (n 1017cm-3) before and
after a 4 min RIB treatment in a 4/40 C2H6/' 2 discharge at temperatures between
50.3500C.
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For AIGaAs the data is similar to that in GaAs, although the passivation depth in AlGaAs is
slightly less, corresponding ro a lower hydrogen diffusivity. Using the same analysis described
above we found for At0.28Ga0,72As that Dir is given by

D11 = 1.8xlO-5 exp (-5e- (2)
KT )n

To the best of our knowledge this is the first determination of an apparent hydrogen diffusion
coefficient in AIGaAs.

It should be noted that the relationships derived above for hydrogen diffusion are accurate
only if there is a one-to-one corespondence between the neutralized donor concentration and the
hydrogen concentration. This is not always the case for low frequency hydrogen- discharges. For rf
frequencies however, this correspondence is found to hold. SIMS profiling of C2H6/D2 RIF
samples showed an excellent correlation between the total D concentration and the depth of carrier
reduction.

(d) Surface Chemistry

Figure 3 shows AES surface scans of Ga, As, C and 0 on GaAs samples etched at four
temperatures between 100;350'C. There are basically no differences in the surface compositions in
any of these samples. Table 1 shows elemental composition data measured in the top 100 A by
XPS. There is no systematic variation in the compositions with RIE temperature. This is in sharp
contrast to the results for Cl-based RIE of GaAs where significant differences are observed for
elevated temperature etching. The C2H6/H2 chemistry appears to have a wide temperature window
in terms of reproducible etch rate and surface composition.
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Table 1. XPS elemental composition data obtained from the top 100A of GaAs samples
etched for 4 rini in a C2H 6 /H2 discharge. The data are given in atomic percent
units for the elements detected.

Etch Temperature (IC) Elemental Composition (at. %)

C 0 Ga As

100 29 38 21 12

150 37 30 20 13

200 36 29 20 15

250 26 35 23 16

300 37 30 20 13

350 41 28 18 13

In our samples the surface carbon concentrations varied from 26-41 atom percent, while
approximately 30-50 atom percent C would be coisidered usual for atmospheric C on this type of
sample. The high resolution C (Is) data show that the types of carbon species detected varied
somewhat with the etch temperature. Our past experience with XPS of GaAs surfaces has shown
that typical atmospheric contamination consists of hydrocarbon (C-C or C-H), ether/alcohol (C-OC
or C-OH) and organic acid/ester (0 = C-OC or 0 = C-OH) functionalities, with the hydrocarbon as
the predominant species. The Ga and As are present as oxides (As2 O3 ,As 20 5 and GaOl) as well as
being part of the bulk material. All of the samples are much cwaner in a chemical sense than GaAs
etched under similar conditions in Cl-based mixtures where halocarbons, chlorides and oxides are
present to a much more significant extent. We did only a limited amount of chemical analysis of the
AIGaAs etched in C6 H6 /H 2, but the surfaces on these samples also appeared to be similar to
unetched control samples. There is always a debate about whether chemical analys;s on samples

exposed to the atmosphere are really all that useful, and indeed inight into the etch reactions
require in-situ analysis after RIE. However from a practical viewpoint, samples will almost always
be exposed to the ambient when subsequent processing takes place after RIE treatments. For this

reason alone we believe our approach still yields useful information on the chemical nature of the
surface. One interesting feature of the C2 H6 /H 2 RIE is that it does not appear to leave non-
stoichiometric surfaces through preferential removal of As as arsine. This might have been expected
by analogy with the situation with InP, where P is rapidly leached out by H-based vlasmas.

Summary and Conclusions

The C2H6 /H 2 mixture appears to give ootlh, controlled etching of both GaAs and AIGaAs
over a wide range of temperatures provided C2 H6 is no more than-about 15% iy volume of the
total flow rate. As observed by others with tching of In-based materials, concentrations of ethane
or methane above -15% lead to increasing polymer deposition on both the masked and unmaked
areas. While the etch rates of GaAs and AICaAs are low (150-350A - niMint ) under our conditions,
tlhese are appropriate for the etching of mesas in mosi field effect transistor structures. In
conjunction with the smooth etching, the surface is chemically quite clean with no cvidence of
polymer formation or the creation of a nmcnoh;onetre lgon al the uimface.

i
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The passivation of donors in the n-type GaAs and AIGaAs by atomic hydrogen from the
discharge is significant, and occurs over depths of -0.55pm for 4 mitn RIE treatments at 350'C.
This does not appear to be a severe problem since past measurements have shown that the donors
can be reactivated by annealing at approximately 4001C. This is compatible with ohmic contact
alloying schemes, and therefore should not be a limiting factor with this etch chemistry.
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ABSTRACT

The silicon trench-etching in-BCI3 /C12 reactive ion etching plasma- leads to the-intrinsic
bonding damage, the permeations of etching species and impurities into silicon substrates, and
the deposition of residue film on trench sidewall. The contaminations and the damages in
trench were investigated by using high resolution transmission electron microscopy
(HRTEM), secondary Ion mass spectrometry (SIMS), and x-ray photoelectron spectroscopy
(XPS). The microstructure of the rounded bottom surface showed that the surface region was
distorted by 2 - 6 atomic layers and the trench-etch was mainly limited by the physical
sputtering-like mechanism. The damage in the-silicon lattice consisted-of prominent planar
defects roughly -confined to (110) and- {I1) planes. The -thickness of sidewall residue film
was 10-- 90 nm, which was-thinner at deeper region of the trench, whereas that of residue
film at- the -trench bottom was 1.5 - 3.5 nm. The SIMS results of no-patterned specimen
presented that-the permeation depths of boron and chlorine into-the Si-substrate were about
40 and 20 nm, respectively. The presence of BxCly and Cl-related Si chemical states was
identified from XPS analysis of the residue film.

INTRODUCTION

Recently silicon trenches have been applied to device isolations and trench capacitors in
v ,ry large scale integrated circuits [1,2]. Especially the reactive ion etching (RIE) [3,4]
using BCI 3/CI2 plasma has been extensively studied because of a good controllability of trench
shape and a high anisotropy. However, some problems exist in the -trench etching of single
crystalline silicon using RIE. The ZRIE exposures result in (i) intrinsic bonding damage, (ii)

- permeations of etching species and- impurities into silicon substrates, and (iii) deposition of
residue film on trench sidewall. Since-these deformations would deteriorate the electrical
performance of devices [5], and-the post-RIE treatments-are necessitated to eliminate damages
and contaminations, it is required to-characterize the residue film and the damaged layers of
the etched specimens.

In this work, concerned with the trench formed by BCI 3/CI2 RIE, the microstructure of
the etched surface of trench, the permeation profile of etching -species- into silicon substrate,
and the thickness and the chemical state -of residue film were characterized by using -high
resolution transmission electron microscopy (HRTEM), secondary ion mass spectrometry
(SIMS), and x-ray photoelectron- spectroscopy (XPS). From the microsturctural analysis of
the etched surface of trench bottom region, it was also suggested that -the physical
sputtering-like etching mechanism is-predominant in this trench etching system.

EXPERIMENTAL

Etching

In thisexpeiiment, 5 inch n-type (about 5 0cm) silicon (100) wafers with 800 nm of
chemical -vapor- deposited oxide was used. The oxide was patterned using photolithography and
reactive ion etching-in CHF 3/C2 F6 plasma, Fwo kinds of spec;mens were made in accordance
with-the requirements of characterization techniques. One was the trench patterned specimen
(I-type), in which the trenches have -{110) sidewalls-and-(100} bottom-surface. The trench
widths were 0.8 - 1.5 Itm . The other was 1 cm x 1 cm size square-patterned
specimen(lt.type) for SIMS-and XPS study. The silicon trench etching was performed by the
BCI3/CI2 reactive ion etching, by two steps-of (i) pre-etching-of native-oxide to prevent from

Mat. Res. Soc. Symp. Proc. Vol. 158. 019S . Materials Research Society
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black silicon effect [6], with the conditions of BC13/C12 - 45 sccm/10 sccm, Vdc

-500 V, and etch time = I minute, (it) the main silicon etching, with the conditions of
BC13/CI2 = 20 sccm/60 sccm. Vdc , -300 V, and etch time = 17 minutes. The main etching
was carried out under the RF power density of 0.722W/cm 2 and the chamber pressure of
150mtorr. In the case of square-patterned specimens, the etching conditions were the same
as those of the silicon trench -etching, except for the etching time of the silicon etching step.

Characterizations

Cross-sectional transmission electron microscopy (XTEM) specimens were prepared by
forming a sandwich with epoxy, followed by mechanical polishing and then argon ion milling in
a specimen stage-cooled by liquid nitrogen. High-resolution TEM-image was taken in a <110>
zone axis orientation witii an objective aperture, which contained nine beams, on a JEOL JEM
2000EX microscope equipped with a pointed LaB6 filament and operating at 200 keV.

In SIMS study, the samples were analyzed on-Perkin.Elmer Model 6300 SIMS using Cs+
primary ion bombardment with beam energy, 3 keV. The primary ions were impacted on the
sample at an angle of 600 with respect to the surface normal, in order to obtain the reasonable
depth resolution.

X-ray photoelectron spectra were obtained with VG ESCALAB Mk 11 instrument- using- At
ka(1486.6- eV) x-ray source. The high resolution -spectra of all regions- of interest were
recorded-with -100 eV pass -energy. The-fine structures-of narrow scan-spectra were resolved
to characteristic component peaks -by a least-squares fitting- technique using Gaussian and
Lorentzian functions (7). Photoelectron spectra were acquired at two different electron
emission angles, with respect-to the-surface, 300 and 700, to alter the surface sensitivity.

RESULTS AND DISCUSSION

The SEM photograph in Fig. 1 shows the shapes of the 1.0 and 1.5 pm wide trenches of

4.4pm-depth obtained-from the-etching system described above. It was found that the trenches
had rounded bottoms, and that the bottom of the trench with-higher aspect ratio, i.e., 1.0 pm
wide trench was more curved than that of 1.5 plm trench.

mask oxide -

Figure 1. SEM photograph of 1.0
and 1.5 gim trenches formed by
BCI3 /CI2 reactive-ion etching.

The microstructure of silicon surface region was investigated by using high resolution
electron microscopy, in order-to characterize the etched surface of trench, and also to get
informations about the etching mechanism. The as-etched- surfaces of trench were observed
with no further treatment, since any following processes, such as sidewall oxidation and
polysilicon refill, would inevitably change the topmost surface state and the damaged structure
of the near-surface region [8). The- microstructures of the surfaces along the trench bottom
are shown In the high resolution XTEM micrographs of Fig. 2(a)-(e). The distortion of
crystal orientation in the surface region of trench bottom seems to be induced by the
energetic- ion bombardments and removed by the succeeding -etching. Therefore, the surface
region- of- the -trench- bottom center with-the largest etch rate -is- distorted by only 1-2 atomic
layers as shown in Fig. 2(d). Generally-the trench etching is considered to be proceeded by
both physical sputter-like mechanism and chemical binding of reactive species on a
silicon-surface site. The extreme case, mainly limited by the chemical binding mechanism,
had been reported, in which the etching.of (100) wafer had generated a V-groove trench so
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(a)

o -In jI .

'i I
Figure 2. High resolution transmission electron micrograpt, of the surfaces along the

fnnerwall of 1.2 pm width trench. Micrographs in (a)-(e) are corresponded to
a-e parts indicated in Figure 1, respectively.

that the V-groove had been two 1111) planes intersecting the (100) at 54.470 19). However,
the trenches in Fig. 1 have round bottoms roughly intersecting the {100} at about 700. Even
though the (1111 plane was more severely distorted, about 5-6 atomic layers as shown in Fig.
2(b), most parts of the surfaces were not consistent with any low index crystallographic
plane. These results in Figs.1 and 2 implicate that the etching is limited by a physical
sputtering-like mechanism of the surface atoms due to energetic ion bombardment rather than
a chemical etching mechanism. Furthermore, we also found that the trench bottom became
sharper as the etch time and the aspect ratio are increasing. These facts could be explained by
two different ways. One is simply that the incidence angle of reactive ions for the vertical
etching is largest in the center of bottom. The other is that the contribution of chemical
etching is increasing as reducing the ion flux with trench depth, and the etch rate on (100)
plane is larger than that on (111) plane since the ratio of the numbers of silicon atoms at
(111) and (100), and the ratio of the numbers of available bonds on each surface are 1.15 and
1.59, respectively [91.

The low magnification TEM images of 1.21im width trench showed that the thicknesses of the
trench sidewall residue films were close to 10 nm near the trench bottom (at about 4.0 pm
deep region from the wafer surface), and 90 nm near the mask oxide. The reasons for which
thicker layer is deposited at upper sidewall, are that the incidence angle of depositing species
is greater and the deposition time is longer at upper region. The thickness of the residue film
is known to be largely dependent on the plasma condition and the unmasked Si area 110,11).
The high resolution XTEM images presented that the residue films of the trench bottom region
were 1.5 - 3.5 nm thick as indicated in Figs. 2(a) - (e), which are very thin compared with
the residue film of trench sidewall. The thin residue fflms can be aliibuled to the sputtering
by ion bombardments to the trench bottom region.

Figure 3(a) shows a typical area of 50.80 nm deep near-surface region at trench bottom
with a high density of {111) and {110) defecis. These strong contrasts are representative for
a large stress field component perpendicular to the plane of the defects (121. The damage
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also consists of concentrated atomic defects (e.g., Si self-defects and impurities of the plasma
constituents) [12). The micrographs shown in Figs. 3(b), (c) and (d) presented the typical
microstructures of the trench sidewall and the near surface region. The trench sidewall had
the heavily damaged region of about several nm - 20 nm thickness, as shown in Figs. 3(b) and
(c). The microstructure of the damaged region shows planar defects along (110) plane and
amorphized region, which seem to be due to the bombardments of scattered energetic ions.
Tiny defects, roughly consistent with (113) plane, were also generated in the near surface
region of sidewall, as indicated in Fig. 3(d).

Figure 3. High resolution electron micrographs of (a) near surface region of trench
-bottom, (b) the trench sidewall, (c) the trench sidewall which shows the disappearing

planar-defect and (d) the near surface region of the trench sidewall.

SIMS profiles in Fig. 4 represent the distribution of boron and chlorine incorporated into
silicon substrate during RIE. As shown in Fig. 4(a), the SIMS profiles of I-type specimens
with three different etch times, reveal nearly same behavior for both elements. This suggests
the balance established between simultaneous processes of etching and etching-species
permeation. The penetration depths of boron and chlorine into the silicon substrate were
about 40 nm and 20 nm, respectively. The larger penetration depth of boron seems to be
caused by the higher diffusivity than that of chlorine. The penetration depths obtained from
the SIMS analysis seem not to be exaggerated by the surface roughness, since the SEM
observations showed the mirror-like surfaces. In the SIMS profiles of boron and
chlorine in the case of trench-patterned specimen (I-type) of Fig. 4(b), the difference
between the penetration depths of two elements is severer than that in no-patterned
specimen(II-type). In the SIMS analysis, the primary beam was exactly aligned paraliel to
the trenches in the sample, and a depth profiling of a whole field of trench cells was
accomplished because of the lack of lateral resolution of the ion probe for direct analysis on a
fraction of the wafer. By considering the angle of trench bottom to the surface, 700 in Fig. 1
and the difference in the penetration depths of two elements in Fig. 4(b), it can be suggested
that the penetration of boron into substrate aiong the trench inner waii uf bultuiii, is deeper as
much as about 300 nm than that of chlorine. However the SIMS data of tre nch -patterned
specimen, were subject to be exaggerated by redeposition of sputtered species, the reduction
of the sputter rate at trench bottom, and the diffdrence of sputter rate between residue film

t ~and silicon single cirystal. Then we also obtained the SIMS profile after the cleaning, the



435

dry oxidation of surface (about 32 nm thick) in diffusion furnace at 90000 and the removal
of oxidized silicon by dipping 10:1 HF solution. The SIMS profile showed that the specimen
still retained boron with the concentration of (3 -10) x 101 7 atoms/cc and trace amount of
chlorine. From these SIMS analyses, It is interesting to note that the observed penetration
depths are generally much larger than those of expected on pure grounds of projected range
estimates from ion implantation. The results could be ascribed to the recoil implantation from
a thin deposited layer and the enhanced diffusipn by a high inward flux of silicon.self
interstitials Induced by RIE [13).
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Figure 4. SIMS profiles of (a)blank-patterned specimens (l-type) of main etch time
5, 15, and 22 minutes, and (b)trench formed specimen (I-type) obtained from

parallel sputtering to the trenches.

Although the residue film deposited on a flat silicon substrate may be different from those
on trench sidewall, XPS study of Il-type specimen can introduce the informations about the
residue layer related to only Si etching, in which the redeposition caused by sputtered silicon
and oxygen from silicon and mask oxide is ruled out. XPS survey spectra acquired with the

4 take-off angle 300, show that the residue film on Si-surface is mainly constituted of boron,
chlorine, and air-contamination-induced carbon and oxygen. The small take-off angle
configuration for photoelectron detection was used in order to increase the surface sensitivity.
The B Is and CI 2p photoemission spectra were obtained by substracting the energy loss peaks
of Si 2s photoemission from the spectra of etched surface, because the peaks were severely
overlapped with the energy loss peaks of Si 2s photoemission. The reference energy loss
peaks of Si 2s photoemission had been obtained by using bare Si wafer. As shown in Fig. 5(a),
we could find out peaks at binding energies 199.2 eV and 200.8 eV, and the trace of peaks in

C12(a) (b) 103.1

, .4

I- - . ,, -

energy loss peaks of Si 2s

215 205 195 185 175 108 104 100 96 92
BINDING ENERGY (eV) _INDING ENERGY (eV)

Figure 5. XPS spectra of (a) B Is and Cl 2p photoemissions and (b) Si 2p photoemission,
in which the take-off angle is 300. The dashed curves and the solid line in (a)
represent the various peak-fitted chemical components and the sum of all
components, respectvely. The numbers on peaks in (b) indicate the etch times.
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191 -193cV region, except for the Si 2s energy loss peaks at 185.8 eV and 201.1 eV. These
peaks wer( confirmed to be not abnormal photoemissions due to surface damage, by analyzing
the Ar+-ion beam -etched Si surface. By the XPS analysis at different photoemission angle,
700, it is also confirmed that the peaks at 199.2eV and 200.8eV were emitted from the
overlayer on Si-substrate. The peaks at 199.2eV and 200.8eV are Cl 2p3/2 and CI 2p1I/2,
respectively. The small peaks at binding energy about 191 - 193 eV may be assigned to B Is
photoelectron peaks from BxCly binding states. Since B Is photoelectron has very small area
sensitivity factor, the peak resolving into the different chemical components is not clear.
Fig.5(b) represents the Si 2p photoemission spectra of silicon surfaces before etching and
after 5 minutes-etching. Si 2p photoelectron spectrum from the specimen not exposed to
plasma shows two peaks at 99.5 eV and 103.4 eV due to silicon substrate and oxidized silicon
(SI0 2), respectively. In the case of specimen exposed to BCI3/C12 plasma, the peak maxima
are found at 99.5 eV and 103.1 eV. The curve-fitting implicated the presence of additional peak
at binding energy 102.5 eV, which could be assigned Cl-related chemical states of Si.

CONCLUS

The damages and the contaminations induced by the trench etching of BCI3/CI2 reactive ion
plasma, were investigated by using HRTEM, SIMS, and XPS. The microstructures of the
rounded bottom surface showed that the surface region was distorted by 2 - 6 atomic layers
ano the trench etching was mainly limited by the physical sputtering-like mechanism. The
trench sidewall was heavily damaged and the damage in the silicon lattice consisted of
prominent planar defects roughly confined to (111) and (110) planes, and partly (113) plane.
The thickness of sidewall residue film was 10 - 90 nm, which was thinner at deeper region,
whereas that of residue film at the trench bottom was 1.5 - 3.5 nm due to the ion-sputtering.
The SIMS stu," of no-patterned specimens (l1-type) showed that the permeation depths of
boron anc chl into the Si-substrate were about 40 and 20 nm, respectively. The SIMS
profile of trent 'erned specimen (I-type) implicated that the permeation depth of boron
was greater tha e of no-patterned specimens. In the residue film, the presence of BxCly
and Cl-related b. ., imical states was identified from XPS analysis.
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GENERATION OF BLIND VIA-HOLES FOR A HIGH DENSITY
MULTI-CHIP-MODULE USING EXCIMER LASERS

FRIEDRICH G. BACHMANN
Siemens AG, Corporate Production and Logistics Department,
Otto-Hahn-Ring 6, D-8000 Manchen 83, Fed. Rep. Germany

ABSTRACT

In recent years the on-chip delay has gone down much more ra-
pidly than the sigaal delay in packaged circuits. As a consequence
of this the packaging delay times have had to be reduced drasti-
cally, which means that a greater packging density had to be im-
plemented. A novel planar packaging technique, used in the new
Siemens main frame computer 7500 H 90 has led to considerable pro-
gress in solving this problem. An essential part of this system is
a multi-chip-module which can hold up to 144 bare chips. The car-
rier of these IC's is a 16-layer high density multilayer printed
circuit board, which is fabricated in a sequential process. Inter-
layer contacts are formed by 80 .m wide blind via-holes, which are
generated by excimer-laser ablation of the dielectric. The process
desribed in this paper shows that it is possible to produce blind
via-holes with an aspect ratio of about one in an extremely re-
liable and reproducible way. This process is already being suc-
cessfully run on a production line. It is to our best knowledge
the first time excimer lasers have been used on a large-scale in
an industrial environment.

INTRODUCTION

The laser is indispensable in industry for many production processes
like cutting, drilling, scribing, welding and soldering. The CO and the
Nd:YAG laser are most widely used for applications of this kind. There are
also numerous applications in printed circuit board (PCB) production [1].

-In this field too, it is CO2 and Nd:YAG lasers that are most widely used.
In som. cases, the doors have opened for the industrial use of argon-ion
lasers and excimer lasers for PCB manufacture and the potential for further
exploitation is by no means exhausted.

This paper describes the highly miniaturized multi-layer printed cir-
cuit board for the multi-chip-module in the new Siemens 7500 H 90 mainframecomputer product and how it is manufactured, showing how essential the ex-cimer is for the production process.

THE MICROWIRING PRINTED CIRCUIT BOARD

The signal delay time for chips has gone down much more rapidly than
the delay times for the packaging. The consequence of this is that the evo-
lution in computing speed of high-speed computers is restricted by the
packaging techniques used (Fig. 1). The further development of packaging
technology therefore became a prime objective for those developing hinh-
performance computers. The packaging delay times had to be reduced

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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Fig. 1: Comparison of characteristic chip delay time and packaging delay
time

drastically so that they could keep up with the chip delay time which was
becoming increasingly shorter. This, in effect, meant that a greater
packing density had to be implemented.

A novel planar packaging technique has lead to considerable progress
in solving this problem [2]. A 28-layer back-panel wiring board accommo-
dates a maximum of nine multi-chip-modules and a maximum of 216 connectors
for cables and terminating impedances (Fig. 2). It is fitted to a frame
which also supports the water-cooled heat sink.

The module connector with 1850 contacts, the multi-chip-module and the
module cooling-plate (parts I to 3 in Fig. 2) form a unit which can be in-
serted into the main unit by means of a special tool (6). Fig. 3 clearly
shows that either a LSI module with 320 leads or 9 MSI modules each with 52
leads can be accommodated in each of the 16 areas of the micro-wiring prin-
ted circuit board as "bare" IC's [4]. This means thet a micro-wiring prin-
ted circuit board of this kind can accommodate bet.jen 16 (LSI) and 144
(MSI) chips. Fig. 4 shows the chip side of a printed circuit board of this
kind [5]. The following sections of this paper will describe how these
printed circuit boards are manufactured. As the specifications (Table I)
show, blind vias 80 pm in diameter at a pitch of 0.5 mm have to be made in
a 16-layer printed circuit board. It is intended that these blind vias will
provide the through-contacting for neighboring layers. The exciter laser
plays a major role in this process,



441

2

3

Ij, H20

8J

7
S0

0H2-

5

(1Fig. 2: Module side of the main board [2 )

(4) Connector, (2) ulti-chip-module, 
(3) Module heat sink,

tool, (7) Terminating resistor packages, (8) Cable connector,
(9) Aluminum frame

LSI

3

Fig. 3: Construction of a multi-chip module [3]
(1) connector plate, (2) highly integrated printed circuit
board, (3) cooling plate, (4) typical bonded chips
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Fig. 4: Mounting layer for 5 LSI and 11x9 NSI chips [5]

~MANUFACTURING THE MICRO-WIRING PRINTED CIRCUIT BOARD USING THE RELANINATION

i TECHNIQUE [5]

A printed circuit board with the specifications given in Table I could
not be implemented with conventional multi-layer printed circuit board
techniques for the following reasons:

-The total through-contacting procedure, which would have been un-
avoidable if conventional multi-layer techniques were used, makes it
difficult or even impossible to take tracks to the inner layers in
the vicinity of the chips. For this reason, the only method that came
into consideration from the outset was using highly miniaturized
blind-via contacting to take the chip contacts to the interior of the
printed circuit board.

-To solve the wiring problem using as few as possible internal signal
layers it was necessary to find a substitute for (mechanically
drilled) total through-contacting and to reduce the via diameter and
the residual ring widths to values well below those used for conven-
tional multi-layer techniques.

These requirements were met by using a novel relamination technique.
In this technique layer n+1 is formed on top of an already up to layer n
finished substrate (see below). The whole existing compound is "relamina-
ted" several times. Relamination technology allows the realization of ex-

tremely fine interconnection patterns. On the other hand a priori one could
say that a technique of this kind would have the following features:

- Long run-through time as it is a serial process

- Increased process reliability to ensure a satisfactory yield- need of full-coverage test techniques for each stage of production

-~~~~~~~~~~~~~I gago earpoeurswihcnb sd hnvrncsay
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material . glass-free dielectric, Cm 3.7
. Cu-conductors

* characteristic ' cross talk
impedance 22,4 % max.

electrical Z = (52,5 ± 7,5) ._
data

* resistance , propagation time
R= 13 ,Vm 6,4 ps/mm

* format: - (100 x 100) Tn
2

thickness: -2 mm
* layers: 16
* conductors: 80 pm wide

30 pm high
* max. conductor length

design per signal layer 30 m
* via holes: 0 80 pm

65 pm deep
30 000 vias max.
between
adjacent layers

* grid: 500 jm
2 lines per channel

* chip mounting layer SnPb fused,
outer 16 chip mounting sites for TAB

layers with 320 leads
* connector layer Ni/Au,

area connector with 1800 pins

Table I: Specifications of the micro wiring printed circuit board

An overview of most important stages in manufacturing a wiring layer
is given in Fig. 5: Using adhesive resin, an 18,um thick copper foil is at-
tached to layer n which has been checked and, if necessary, repaired. The
copper foil is then structured using photoresist and etching techniques to
give 80 um openings for the through contacts which electrically connect
layer (n+1) with layer n. After the photoresist foil has been removed, the
resin in the 80 mm openings is exposed to the excimer-laser radiation and
removed down to layer n (see next section). Copper is applied to the whole
area, including the blind vias, using electroless plating followed by a
galvanic process. This makes the electrical connection between the two ver-
tically adjacent copper layers. In the course of several photoresist, gal-
vanic and etching steps, the conducting lines for layer (n+1) are built up.
A temporary tin layer is used as etch-resist. After optical and electrical
testing, and performing any repairs that may be necessary, the whole
sequence described above is repeated for layer (n+2).
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eit state;
Layer n Layer n (signal or ground layer) completed.
Resin- -*''" tested and repaired
Cu foil'...,,......
70 prn Laminating (18 prn thick copper foil)

Phoioimaglng

Etching
Formaticn of up to

0 80 Prn=,. ; Photoresist stripping 6000 blind holes
between

0 B0 ,,m Laser drilling layer n and Ikyer n + 1

Metal deposition (Cu)

Photoimaging

Metal deposition (Cu-t-Sn)
Pattern formation on

Photoresist stripping ayern +1

Etching 
lyr+

Layer a !

n+1 Sn stripping

Fig. 5: Schematic representation of the principal process step- for
fabricating a microwiring substrate

THE EXCIMER LASER DRILLING PROCESS FOR BLIND-VIAS

To produce the blind via-holes, a technique which was capable of pro-
ducing openings with a diameter of about 80 um and an aspect ratio of about
one had to be developed. Of course, there should only worked at one plastic
layer, the top one. The copper pad on the layer below should not suffer any
damage. However, to guarantee through-contacts that are electrically and
mechanically sound, the method had to produce absolutely clean via bases
and ensure that the via walls were as near to the vertical as possible.

Because of the small bore-diameter and the condition that the contact
area which is about 35 um thick should suffer no damdge, it was not pos-
sible to use conventional, mechanical drilling techniques. Drilling tech-
niques using C02-lasers had appeared in the literature [6]. For example,
blind vias with diameters of about 200 jrm have been drilled in epoxy resin
foils (with glass-fiber reinforcement); because of the reflectivity of the
underlying copper layer, the drilling process stops automatically. The
technique, as the literature and our own experiments show, does not, how-
ever, meet the specified requirements. The walls slant and aspect rations
of about one or greater cannot be realized because of the isotropy of the
melting and vaporization process and it is necessary to clean the via base



445

(e.g. with pumice [6] or plasma 17]). A further production disadvantage of
the-C02-laser drilling technique may well be the high demands made on the
laser system with respect to pulse-to-pulse stability. Because a complete
drilling action for one hole must be completed with one laser pulse,
missing pulses or pulse energies which are too low mean that incomplete
holes are produced. The holes must be redone [7] which decreases process
reliability.

These are all reasons why a novel production technique was developed
using excimer lasers to meet the requirements mentioned at the beginning of
te paper. The basis of the technique is the well known process of "abla-
tive photodecomposition" which was first mentioned in the literature in
1982 r8]. When materials, and in particular organic polymers, are exposed
to laser light with sufficient photon energy and photon flux, they can
undergo a transition to the gas phase with explosive suddenness. So sudden
in fact that the thermal effect on the surrounding material is minimal. The
reason for this is that, measured using time scale for decomposition or
for the laser pulse, the energy transport to the neighboring material is
negligible and so practically no warming occurs. UV lasers with pulse
lengths in the nsec range are particularly well suited for this process.
They give a high photon flux and photon energies which have the same order
of magnitude as the binding energies. For organic polymers, the absorption
length of light in the ultraviolet range is less than a micron so that ex-
tremely high energy densities can be achieved. On the other hand this means
that the material is removed in a sequence of layers.

At present there is no complete agreement about the decomposition me-
chanism, i.e. the mechanism involved in material removal. However, it seems
likely that both photcchemical and photothermal mechanisms play a role
[9,10], but depending on the material and the process conditions, one
mechanism is more important than the other. The effects of heating on the
surrounding material also depend on the conditions. This means that there
may be difficulties when heterogeneous materials (e.g. materials with glass
fiber reinforcement) are processed. This is not the case with our design.
It may well be that different kinds of material have to be removed (acrylic
resin, polyimides) but these materials will only be found as a sequence of
homogeneous layers, one on top of the other. As the removal rate for both
types of material are of the same order of magnitude, handling composite
materials of this kind should not confront us with any unsurmountable prob-
lems.

The diagram in Fig. 6 shows the main stages of the process. The upper
copper layer which carries the via pattern (see fig. 5) acts as a contact
mask on the plastic layer to be processed. The UV light from the excimer
laser will then decompose any parts of the surface not covered by the cop-
per mask. The removal process stops automatically when the laser beam
reaches the layer of copper below.

The variety of mechanisms could be seen in the results of a series of
experiments, the object of which was to determine the optimal process para-
meters. It was important to ensure that the criteria mentioned above were
largely met; under no circumstances whatsoever was damage to the copper
layer permissible. First of all, 2 the removal rates for a wide range of
energy densities (0.1 to 2.0 J/cm ) were determined for three wavelengths,
namely 308 nm (XeCl), 248 nm (KrF) and 193 nm (ArF). The pulse duration was
about 20 nsec with minor variations due to the gas mixture used. Fig. 7
shows typical results for an epoxy adhesive and clearly indicates that KrF
produces the optima, wavelength. The removal rates are maximal above a cer-
tain energy density and no damage to the copper layer occurs.
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Fig. 6: Schematic representation showing the main stages in the laser
drilling process
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Both KrF and ArF produced straight via walls; the walls were practi-
cally vertical when ArF was used and with KrF the angle varies between 30
and 150 depending on the energy density. However when XeCl was used, wall
rounding was observed, an indicatior that thermal effects were playing a
major role in the removal process. Using an XeCl laser with a pulse du-
ration of 60 nsec reduced the quality of the via walls.

Under the conditions that were finallX selected, a KrF laser pulse was
used to illuminate an area of about 15 mm'. Depending on the type of pla-
stic used, each pulse removed a layer that was between 0.1 and 0.5 "m
thick. This means that between 300 and 400 pulses would be required to pro-
duce a via; however as all the vias that are illuminated by the laser beam
are processed simultaneously this means that, (assuming a 500 um grid) a
maximum of about 60 vias can be handled at the same time (see Fig. 8a). By
using a meandering scan over the whole of the printed circuit board with
overlapping laser pulses in overlapping tracks (see Fig. 8b) each via win-
dow then receives the number of pulses required to produce the complete
via. As was mentioned previously, because the process parameters were se-
lected so that the copper surface would suffer no damage, the process stops
automatically when it reaches the next layer. This guarantees a high pro-
cess reliability. Because of the integrating technique, the laser stability
and the intensity distribution are not critical for the process.

Fig. 9 shows a scanning electron microscope photograph of a via that
has been drilled away by a laser. The high positional accuracy of the remo-
val procedure can be clearly seen. The traces of copper lying on the resin
surface after etching are the unavoidable consequence of the treatment of
the lower side of the copper foil. They cause fluting, or even columns, to
form on the via wall. This is not a drawback as they provide better adhe-
sion for the galvanic processing stage which follows. Fig.10 is a cross-
section through a copper-plated via lying between two layers and Fig. 11 is
a cross-section through a completed micro-wiring board.

0 0 0' 0
0 q 0

ao 0 o
- ~ 0

-0' 0 0

o 00 0
00 0

0 0 0 0 _ _ _ _ _

0 0 0

a) b)

Fio. 8: Substrate illumination
a) several vias with one pulse
b) meandering scan over the entire substrate
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Fig. 9: SEN photograph of a laser drilled via

Fig 10: Cross section through Fig. 11: Cross section through
a copper plated via a completed micro-

wiring board
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USE OF THE TECHNIQUE IN PRODUCTION

The process described in this paper makes it possible to produce blind
vias for through-contarhing printed circuit boards in an extremely reliable
way. Using excimer lasers in a production environment is entering into an
area that, as yet, has been completely unexplored. First of all laboratory
prototypes were used to check the essential selection criteria for the la-
ser. Important aspects that had to be taken into account were the time bet-
ween gas changes which should not be less than 8 hours (1 shift), and the
interval between two window cleaning processes. The objective was to reach
one cleaning a week (on a 3-shift basis). By using a cryogenic gas-cleaning
system it was eventually possible to meet both criteria. Because the con-
cept was entirely new, serviceability was a problem that had still to be
solved - this was hardly a feature of excimer laser systems which up till
now had almost exclusively been used in laboratories. The operating life of
the thyratron and the electrodes (the most critical and most expensive com-
ponents) had to be improved further. A few excimer laser companies are de-
veloping laser systems optimized for use in a production environment and
some of these have already produced results in the form of actual products,
which are available on the market place now.

Interatom, a Siemens subsidiary, developed a special machine for pilot
production from the laboratory equipment for printed circuit board proces-
sing. By monitoring all important process functions (e.g. laser energy, la-
ser-gas cleaning, table speed, table position, repetition rate etc.) by
computer, faults could be detected immediately and the process stopped.
This meant that destruction of the item being processed due to faults was
almost impossible and the full effects of the process reliability which was
mentioned previously were felt. The computer records details of each step
in the process. To prevent contamination of the optics, counter-flow and
extraction techniques were optimized. The meandering table-path was
improved to reduce the acceleration and braking times as far as possible.
This lead to a 15% reduction in the processing time. The laser beam was
passed through an inert gas environment to prevent the production of ozone.
The process can be checked via a CCTV system.

After the pilot production plant had been run for about 1 years, the
production line was finally built (also by Interatom). A fully automatic
conveyor-belt system carrying the items to be processed supplies the laser
plant and takes the finished items away. Again, a host computer monitors
the whole plant and records activity. Each printed circuit board is identi-
fied by a bar code. The production line has been designed so that servicing
the excimer lasers presents no problems. If necessary, a defective laser
can be replaced within an hour. The factory infrastructure supplies gas,
suction facilities, cooling air and liquid nitrogen directly to the ma-
chines. The plant went into operation in August 1988, is now using 12 exci-
mer lasers and is operating successfully on a 3-shift basis. This is the
first time KrF-excimer lasers have been used on a large-scale in an in-
dustrial environment.
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ABSTRACT

Superconducting films of Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O on

(100) SrTiO 3 and (100) MgO substrates have been fabricated by

reactive excimer-laser sputtering from ceramic targets. Film

patterning by laser-induced reduction/metallization, oxidation,

and ablation has been investigated.

1. INTRODUCTION

Among the large number of various different techniques

employed in thin-film formation of high-temperature

superconductors, laser sputtering is distinguished by a number

of unique properties: it is fast, easy, inexpensive, permits

great experimental versatility, and excellent control on the

correct stoichiometry within the deposited film. Additionally,

many applications of thin film and bulk high-temperature

superconductors require proper surface patterning. Here, the

laser techniques also offer many possibilities (1).

In this paper we report on the "in situ" fabrication of

thin superconducting films of mainly Bi-Sr-Ca-Cu-O by reactive

laser sputtering (Sect.2) and on laser-induced surface

patterning by surface modifications (surface reduction,

metallization, and oxidation) and by material ablation (Sects.3

and 4).

2. THIN FILM FORMATION BY LASER SPUTTERING

The main results on the deposition of thin films of

different high temperature superconductors (HTS) by either

reactive or non-reactive laser sputtering have been recently

reviewed (1]. Subsequently, we will confine the further

discussion on thin films of Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O that

have been produced by 308 nm XeCl and 248 nm KrF-excimer laser

sputtering in OZ atmosphere.

Met. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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Y-Ba-Cu-O

Films of YBa 2Cu307 -x with thicknesses between 0.1 and 1.8

pim have been deposited mainly on (100) SrTiO 3 and (100) MgO

substrates. The sputtering conditions employed and the film

properties achieved were similar to those reported in the

literature [1). On the MgO substrates, in particular, zero

resistance temperatures of up to 88 K have been achievd.

Bi-Sr-Ca-Cu-O

The first results in the in situ fabrication of

superconducting films of Bi-Sr-Ca-Cu-O by reactive laser

sputtering in 02 atmosphere have been reported in (2]. These

experiments were performed by means of 308 nm XeCl-excimer

laser radiation and ceramic targets of nominal composition

Bi2,.Sr2 Ca2 Cu3Oy. The substrate material employed was (100)

MgO. A schematic diagram of a typical experimental setup used

in such experiments has been shown in [1). The XeCl-excimer

laser employed had a pulse length of about 11 ns at FWHM and

was operated at a pulse repetition rate of 20 Hz. The laser

fluence at the surface of the target was, typically, about 1.5
2J/cm . For film deposition the temperature T., measured at the

substrate holder, was varied between 800 and 824 °C. At this

latter temperature, melting of the film was frequently

observed. The in-situ formation of superconducting films has

been achieved in pure 02 with a background pressure of 0.14

mbar. The average deposition rate was 0.16 A/pulse. Immediately

fo~lowing deposition, the reactor was filled with about 1

atmosphere of pure 02 and cooled to room temperature within

about 30 minutes. The film thicknesses prepared were,

typically, 0.5 pm. With temperatures of Ts 1 8210 C, the

as-deposited films were grey to black with a smooth mirror-like

appearance. Scanning-electron microscope (SEM) analyses

revealed a strong dependence of surface morphology of films on

oxygen pressure.

Figure 1 shows the film resistance as a runction of

terperaturc for a film deposited at T. = 821 K. The resistance
s

behavior is metallic-like within the normal conduct:ive state.

At about 122 K, a clear drop in resistance, indicating a small

amount of the 2223 superconducting phase, is observed. Zero
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gi-Sr-Ca-Cu-O
Fig. 1: Resistance
of a 308 nm XeCI

c laser-depositedBi-Sr-Ca-Cu-O film
as a function of

- temperature. The
onset to supercon-

w / ductivity as indi-Lii cated by the arrow,
z is observed at

around 100 K. Zero
resistance was ob-
tained at around
T c(0) 79 K.
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II I I I I

(008) (01oQ) MgO-. Bi-Sr-Ca-Cu-O
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Fig. 2: X-ray diffraction pattern of a Bi-Sr-Ca-Cu-O film on a
(100) MgO siibstrate. The film was deposited by 308 nm
excimer-laser radiation at a substrate holder temperature of Ts

820 0C and an oxygen pressure of 0.14 mbar. The analysis ofthis pattern yields a c-axis of c = 30.80 t 0.02 A that is
characteristic of the 2212 phase. The asterisk marks a peak
that indicates the presence of a small amount of the
semiconducting phase (c = 24.4 A).
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resistance was found at around Tc(9=0) k 79 K. The zero

magnetic field critical current density in this film, measured

at 50 K, is j c(50K) * 104 A/cm2 .
Th ,.crostructure of as-deposited films was investigated

by X-ray diffraction. The very strong (00e) reflections seen in

Fig. 2 indicate that the film is oriented with its c-axis

normal to the (100) MgO substrate surface. The analysis of this

pattern yields a lattice constant of c = 30.80 t 0.02 A. The

small peak marked by an asterisk indicates the presence of a

small amount of a second phase, the semiconducting phase, with

c = 24.4 A. With films deposited at temperatures of Ts  < 817
0C, the X-ray diffraction analyses reveal a mixed phase

consisting of the 2212 phase and the semiconducting phase.

Similar results were obtained with KrF-laser radiation.

Here, transition temperatures of T c(0) - 81 K and critical

current densities of J c(4.2K) f 2"105 A/cm 2 have been achieved.

3. SURFACE MODIFICATTIONS

Laser-induced surface reduction, metallization, and
oxidation has been investigated mainly for Y-Ba-Cu-O in the

form of ceramic samples and thin films. The experiments were

performed by employing 488 nm and 514.5 nm Ar+ laser radiation

and hydrogen/oxygen pressures of 0 s p : 10 bar. The

experimental results achieved with thin films were

qualitatively similar to those reported for ceramic samples

(3,4]. However, for scans performed over, typcially ten

millimeters, the reproducibility of data was poor. This is

related to the non-uniformity in film thicknesses on the one

hand and the narrow parameter ranges where surface

reduction/oxidation takes place without destruction or

subsequent cracking of processed film areas on the other hand.

4. PATTERNING BY ABLATION

The ablation of thin films of Y-Ba-Cu-O on (100) SrTiO 3

and (100) MgO substrates and of Bi-Sr-Ca-Cu-O on (100) MgO

substrates has been inlestigated by e 248 - ,v- rF

laser-light projection. Here, apertures of various diameters

(0.3, 0.5, 0.7, 2, and 4 mm) were inserted into the beam path

and imaged onto the film surface by employing a 10:1 reduction
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optics. Ablation rates were measured as a function of incident

laser fluence, 0, and laser beam spot diameter at the film

surface, 2w.

With both Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-O three characteristic

regimes of laser-material interactions were observed: With low

laser fluences of, typically, 0 k 0.07 J/cm2 the laser light

causes film damage without significant ablation. With medium

laser fluences of, typically, 0 k 0.4 J/cm 2 , non-stoichiometric

inhomogeneous ablation takes place. With fluences exceeding 1
2J/cm , stoichiometric film ablation is observed. The transition

between the different regimes depends on both the particular

film composition and the type of substrate material.

Y-Ba-Cu-O

Figure 3 shows scanning electron micrographs of YBa 2Cu307

films on (100) MgO substrates irradiated in vacuum by 248 nm

KrF laser light projection. The laser pulse repetition rate was

1 Hz. The circular area seen in Fig.3a occurs after irradiation
2with 50 laser pulses of 0 n 0.12 J/cm . Under these conditions

the film is damaged and becomes more transparent, but no

significant ablation is observed. On the right-hand side of the

picture irradiated and non-irradiated film regions are shown

with larger magnification. A microprobe analysis reveals a

depletion of Cu and, to a smaller extent, also of Ba with

respect to Y. The increase in transparency results mainly from

the loss of oxygen. Figure 3b shows a hole produced by a single

laser pulse of fluence 0 = 1.7 J/cm2 . With this fluence,

ablation of the film is stoichiometric and almost homogeneous.

Small inhomogeneities arise from light diffraction and,

eventually, from large particles, fractions of which may remain

within the hole. The hole shown in Fig.3b is surrounded by a

torus whose structure is suggestive of film melting. The

microanalysis of this region reveals a depletion of Cu. At

constant laser fluence, the width of this damaged zone seems to

increase with increasing laser pulse length and, with thick
films, the number of pulses required for total film ablation.

Figure 4 shows the ablation rate for YBa2Cu307  films on

(100) MgO substrates as a function of laser fluence and for

three different laser-beam spot sizes. Within the accuracy of

the measurements, the ablation rate was independent of film
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1 m

Fig. 3: YBa 2Cu307 films on (100) MgO substrates irradiated by

248 nm KrF-excimer laser radiation. The film thickness was
about 1 pm, and the laser spot diameter 2w = 70 pm. Pictures on
the right hand side show irradiated and non-irradiated regions
in larger magnification. 2
a) regime of film damage (0 ft 0.12 J/cm , 50 laser shots)

b) regime of stoichiometric ablation (0 - 1.7 J/cm , 5 laser
shots)

thickness which was varied between 0.5 and 1.5 pm. Each data

point in Fig. 4 is an average of several single measurements.

The error bars indicate the standard deviation. The

characteristic regimes of laser light-material interaction are

indicated. The regime where surface damage is observed starts

at a fluence of 0 d f 0.04 ± 0.01 J/cm2 . Then, with increasing

0, the transparency of films increases. For flucnces in the

regime 0.27 ± 0.05 J/cm 2 < 0 < 0.75 ± 0.05 J/cm 2

non-stoichiometric ablation is observed. The material remaining

within the hole shows a strong enrichment of Y with respect to

Cu and Ba. For fluences 0th > 0.75 t 0.05 J/cm 2 uniform
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Fig. 4: Ablation rate for YBa 2Cu307  films on (100) MgO

substrates as a function of 248 nm KrF-laser fluence. Here, the
excimer-laser light was projected onto the thin film by
employing a mechanical mask together with a 10:1 reduction
optics. The laser beam spot sizes on the film surface, 2w, are
indicated by different symbols. Film thicknesses between 0.5
and 1.5 pm have been used.

ablation of films was observed. In this regime ablation is

stoichiometric - within the accuracy of the microprobe analysis

which was about t 2 %. The diameter of holes, d, is equal to

the diameter of the laser spot, 2w, with laser fluences 0 < 2
2J/cm , and becomes somewhat larger with higher fluences (for 0

,, 4.1 J/cm 2 and 2w = 30 Pm we found d ft 36 Pm). In the regime

of stoichiometric ablation which was investigated up to 4.5

J/cm 2 the etch depth increases linearly with the number of

laser pulses (Fig. 5). The somewhat higher ablation rates

observed with the 30 Pm spot size are related to the shielding

of the incident laser radiation which is less efficient with

very small laser beam spot sizes. This effect has been

investigated in more detail in (5,6]. The full and dashed

curves included in Figures 4 and 5 are guides for the eyes.

Finally, we would like to mention that the characteristic

thresholds for film damage/ablation are slightly lowered with

films on (100) SrTiO 3 substrates.
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Fig. 5: Depth of holes in YBa 2 Cuo 7  films on (100) Mg0

substrates as a function of the number of laser puIses forlase -beam spot diameters of2 2w = 30 im 2 ( 4.2 J/cm ,02.2

J/cm ) and 200 Jim (x 4.2 J/cm , + 2 .2 J/cm )

-~ Bi-Sr-Ca-Cu-0

Figure 6 shows the ablation rate for Bi-Sr-Ca-Cu-0 films

on (100) Mgo substrates as a function of 248 mm KrF-laser

fluence. The figure demonstrates that the ablation behavior is

qualitatively very similar to that observed with YBa 2 Cu307

films. The main differences are seen in the lowering of

threshold fluences characteristic for the different regimes of

material surface interactions. Non-stoichiometric ablation is

observed within the regime 0.1 t 0.03 J/cm 2 s 0 : 0.51 ± 0.06
2

J/cm . Here, the material remaining within the hole shows

mainly a loss of Bi. For fluences above t 0.51 ± 0.06

J/cm 2
, film ablation is uniform. Within the dccuracy oi the

measurements, the ablation rates are the same for laser-beam

spot diameters 2w 2 50 pm. Similarly to the case of Y-Ba-Cu-0,

ablated regions are surrounded by a damaged zone.



459

I II
o' I I

surface non-stoichioinetric i stoichiometric
M damage ablation ablation

E

0.2 Bi-Sr-Ca-Cu-O
ULJ

<0

zol
0

0.1 110

0LASER FLUENCE [Jlcm2

Fig. 6: Same as Fig. 4 but for Bi-Sr-Ca-Cu-O films.

Material damage

To further study the spatial extension of material damage

during ablation by excimer-laser light projection, structures

as shown in Fig. 7 have been produced. With such structures

zero-resistance temperatures and critical current densities

were measured for various widths of bridges, dB. For 0.1 pm

thick YBa 2Cu307 films on (100) SrTiO 3 substrates, the following

resulcs were obtained:

- The transition temperature, T c(0) ft 92 K, remains unchanged

as long as d0 > 10 pm.
- the critical current density, j c, is decreased with respect

to non-irradiated films. For the present example, projection

patterning reduced the current density, measured at 77 K, from

originally, typically, 3 to 510
6 A/c-n2 to about 1.5.106 A/cm 2

(dB ft 65 pm). After post-annealing in oxygen this patterned

film had a j c (77 K) of 2.7.106 A/cm2 .
- in patterns with a width of d8 < 10 pm no transition to the
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Fig. 7: YBa 2Cu3 07
film patterned by
248 nm KrF laser-
light projection.

superconducting state was observed. Post annealing of such

small structures does not reveal superconductivity.
For Y-Ba-Cu-O and Bi-Sr-Ca-Cu-O films on (100) MgO

substrates, the results were qualitatively the same. These

investigations have revealed that patterning by excimer-laser

light projection causes two types of film damage:

- An irreversibly damaged zone directly adjacent to the ablated

region. This zone has a width of 2 to 8 pm, depending on the

film thickness (the number of laser pulses for total film

ablation).

- A zone in which the critical current density is decreased due

to the loss of oxygen. In this zone the superconducting

properties can be revealed by annealing in oxygen atmosphere.
It is not yet clear whether the film damage is caused by

the diffraction of the laser light and/or by heat conduction.

In the latter case it should be possible to reduce material
damage by employing shorter laser pulses.

Summary

Excimer-laser sputtering permits the in situ fabrication

of thin films of Bi-Sr-Ca-Cu-O. The zero resistance

temperatures and critical current densities presently achieved
5 2are Tc (0) f 81 K and i c (4.2 K) % 2'10 A/cm . In thin films the

reproducibility of laser-induced surface modifications

(reduction, metallization, oxidrtion) can be improved only with

films of excellent thickness uniformity. The threshold fluences
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for stoichiometric ablation of YBa 2Cu307 and Bi-Sr-Ca-Cu-O

films on (100) MgO substrates are 0th > 0.75 ± 0.05 J/cm 2 and

0th a 0.51 ± 0.06 J/cm 2 respectively. Projection patterning by
ablation causes irreversible film damage in a 2 to 8 pm wide

zone adjoining the ablated region. Otherwise, film damage can

be annealed in oxygen.
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ABSTRACT

On polished sodium trisilicate glass surfaces, a fairly distinct threshold in laser fluence is
observed to commence ablative etching. An incubation or induction effect is also seen where a
series of laser pulses is required to induce etching. In this paper we examine features of the
charged particle emission over a broader range of fluences (in particular, at lower fluences) to
identify those factors which control the onset of etching. Laser--free electron heating is proposed
as a dominant mechanism.

INTRODUCTION

In previous work, t we examined the changes that occur in sodium trisilicate glass and the
resulting plume products when the glass was irradiated with relatively high fluence (2.7 -5.0
J/cm 2 ) 248 nm excimer laser light. Irradiation at these high fluences produces high etch rates
(typically 200 nm per laser pulse) accompanied by a visible near-surface plume composed of large
quantities of electrons, positive ions (Na+, Si+, H+); neutral atoms (0, Na, Si); molecular NaO;
and electronically excited Na atoms. Energetic ionic and excited neutral species in the plume
indicate the presence of strong laser-plume interactions. At fluences -2.7 J/cm2 (which we define
as an approximate threshold), a induction or incubation period involving bombardment of the
surface with a few laser pulses was required to induce etching and plume formation.

In this paper v.e examine the interaction of 248 nm excimer radiation with sodium trisilicate
glass at fluences below that required for the onset of plume formation and rapid surface etching,
i.e., below about 2.7 J/cm 2, to identify those factors which control the onset of etching. We show
that significant electron and Na+ emission is observed even at relatively low fluences. To within
the sensitivity of our measurements, other charged and neutral species seen at fluences above the
etching threshold were not observed at low fluences. Near-surface defect states appear to play an
important role in the subthreshold emission processes. Increasing the near surface defect density
by low energy (1 KeV) electron irradiation is shown to lower the threshold for plume formation
and the onset of rapid etching. The manipulation of defect densities by particle irradiation and
composition control may have important applications in ablative etching, laser ablation deposition,
and the prevention of damage to optical materials.

EXPERIMENT

Details of the particle detection experiments are given in references 1-3. All of the laser
experiments were conducted in a diffusion pumped, liquid nitrogen trapped vacuum chamber at a
pressure of 10-5 Pa. Sample irradiation was performed with a Lamda Physik EMG203 excimer
laser operating at 248 nm (KrF). The laser fluence was varied by inserting varic.5 filters in the
beam. The beam energy was measured with a Gentec ED 500 joule meter. Charge particles were
detected with an appropriately biased Channeltron electron multiplier (CEM), Galileo Electro-optics
model 4039. When high particle currents were encountered, the CEM was operated in a "zero
gain" mode, using the biased CEM front cone merely to collect the detected current. Ion
identification was accomplished with a UT! i ocir n tqluadroh mass spectro tcr ,, ;.t.th
ionizer removed. An electron beam for simultaneous bombardment of the glass surface was
produced by a Varian Auger gun which provided a spot size of 1.5 mm diameter over an energy
range of 500-3000 eV at currents in the range of 50-300 IiA.

Reflection electron energy loss spectra (REELS) of the sodium trisilicate glass was
obtained in a different vacuum system, maintained at pressures < 10-6 Pa. The REELS data were

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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taken with PHI Model 15-255G double pass energy analyzer mounted concentrically with an
electron gun operated at 300 eV and 10 nA. The spot diameter was 5-10 gtm. Clean glass surfaces
were obtained in the REELS system by in-situ fracture.

RESULTS AND DISCUSSION

f lctron Emission. The highly energetic ionic and excited neutral particles accompanying
etching at high fluences was attributed to inverse bremsstrahlung acceleration of electrons in the
near-surface region of the vacuum, which results in ion acceleration by electrostatic attraction. 1

This process requires substantial electron and ion densities in this region during the early portion of
the laser pulse; subsequent interactions with the laser pulse elevate both the electron and surface
temperatures. In the context of the inverse bremsstrahlung model, the photoelectron and ion
emission intensities play a crucial role in determining the onset of plume formation and rapid
etching. The electron emission intensity vs laser fluence is shown in Fig. 1.

300-

.6200O

Q~10o

0 1 2 3 4 5 6 7

Laser Fluence (J/cm 2 )

Fig. 1. The Electron Emission Intensity vs Laser Fluence. Note that it is linear, implying a single
photon process.

Over a wide range of fluences, including those sufficient for plume formation, EE is a linear
function of laser fluence. First order dependence of EE on laser fluence has also been observed
during the laser irradiation of fused silica.4 Given the transparency of sodium trisilicate glass at 5
eV,5 this suggests that the emission is a single photon process involving mid-gap defect states. In
our experiments, the EE intensity was quite stable from pulse to pulse, in contrast to other
emissions (e.g., positive ion emission), suggesting that the observed EE at these fluences is not
very sensitive to surface conditions. Further, the observed EE was a relatively strong function of
laser repetition rate, falling markedly at rates above -20 Hz. This dependence is likely due to
depletion of filled traps which require times on the order of 50 ms to replenish. The simple first
order process observed also suggests that overall charging of the surface was not very extensive;
substantial charge transfer would be expected to introduce non-linear behavior.6

Positive Ion Emission (PIE). Positive ions are also emitted at fluences well below the
threshold for plume fonnation and rapid eitchi ig. The low fiuence positive ions were mass
analyzed with a quadrupole mass spectrometer. Within our sensitivity, all PIE was mass 23, i.e.,
Na+. Estimates of E fields along the ion flight paths allow time-of-flight analyses which indicate
that the ion energies are substantially less than I eV. This is in stark contrast to high fluence PIE
which typically displayed energy distributions with peaks in excess of 10 eV. As noted above, we
attribute this difference to inverse bremsstrahlung acceleration of electrons coupled with "wake-
like" acceleration of positive ions towards the electrons moving away from the surface.

Plots of PIE Intensity (averages over 50 laser pulses) vs laser energy are shown in Figures
2a(log) and 2b (linear) intensity scales. Attempts to use simple first order heating and an Arrhenius
equation 7 for the PIE emission rate were unsuccessful in fitting the data over the full range of
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Fig.2 Positive Ion Emission Intensity vs laser fluence/pulse. a) log intensity scale, b) linear
intensity scale. The solid lines represent a fit to equation 3. The hatched line indicates the
consequences of discarding the first term -f2.

fluences. At lower fluences,the data were consistent with a non-thermal, two photon proess, i.e.,
IpE f2 , where f is the fluence/pulse (Note that is we assume a "square wave" laser pulee, the
photon flux F (photons/cm 2/s) and the fluence/pulse, f, are proportional). Two photon excitations
in this material would yield electronic states above the band gap; the emission of Na+ under these
conditions most likely involves electronic defects. Ohuchi et al.8 have proposed that electron
stimulated desorption of Na+ from sodium trisilicate glass involves a trapped hole precursor. Two
photon production of related defects has been previously reported. 9, 10

At higher fluences, the rapidly increasing PIE intensity is consistent with a heating
mechanism consisting of simultaneous single photon--free electron release (from defects)
accompanied by laser heating of the free electrons by the laser pulse itself. This is similar to
multiphoton free electron production + heating proposed by Shen et al I for the heating and
damage of wide band gan. defect-free materials. An equation describing the temperature rise due
to laser--free electron heating has been derived by Epifanovl 2,13 and is given by:

DT(r,t) = CfIt/(r,t) nc F3/2(r,t)

at pc 1)
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where C is a constant involving parameters of the material, r is the mass density of tihe glass, c the
heat capacity, nc the free electron density, and F is the photon flux (photons/cm2/s). For single
photon--free electron generation, nc would be proportional to ndF (or ndo,where nd is the density
of defects capable of releasing electrons. Integrating this equation (assuming F constant and
uniform over the interaction volume during the laser pulse), we obtain a temperature rise, AT,
given by:

AT= K,.f 5/ 2 + K f 5

1200 2)

Substituting this non-linear heating mechanism into an Arrhenius temi and combining with the two
photon emission process discussed above, we obtain for IpIC the equation:

,PIE = a 1f
2 + a2EXP(.b/(Kt.f5/2 + .5)) 31200 3)

where a, a2, b, and KI are adjustable parameters.
The solid lines in both Fig. 2a and 2b are generated from a non-linear least squares fit to the

raw data using this equation. The hatched line shows the effect of ignoring the first term (f 2) of
this equation. Although there is considerable scatter, the overall fit is quite reasonable. In
addition, when we take PIE data with the full gain of the Channeltron electron multiplier at fluences
as low as 0.1 J/cm2, we continue to find a strongly non-linear intensity vs. fluence dependence,
consistent with this equation. The significant influe "of the second term coincides with the very
beginning of the onset of plume formation and etchii .)f the glass surface in what appears to be
somewhat like an avalanche. In fact, no avalanche (usually attributed to electron multiplication) is
required for this PIE behavior, the higher order heating is sufficient to explain the rapid rise in PIE
with fluence. We therefore propose that the dominating factor for these strong laser surface
interactions is the free carrier density,nc. no, in turn is directly related to the density of defects
serving as sources for single photon generated free electrons, consistent with the observed first
order electron emission results (Fig. I).

. .62 J/cm2

T121
1.05 .1/cm 2

0 10 20 30 40 50 60
Time (microseconds)

Fig. 3. Mass 23 (Na+) positive ion signals vs time for different fluences (0.46 - 1.05 J/cm 2). The
laser pulse struck the surface at t = 0.
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Further evidence for these two mechanisms involves the time-of-flights of the PIE at low
fluence. Until one approaches the threshold fluence, the time interval between the laser pulse and
the arrival of the ions at the detector were insensitive to laser fluence. Fig. 3 shows the mass 23
PIE signal vs time (through the QMS) for for different fluences between 0.4 J/cm2 to 1.05 J/cm 2,
where most of the ion flight path was in near zero E field.

Little difference in flight times are seen; such behavior is inconsistent with a thermal emission
mechanism, which would yield energy distributions dependent on surface temperature and would
therefore depend on laser fluence. The Na+ emission mechanism at low fluences thus appears to
be photoelectronic in nature rather than thermal, and is further support for the non-thermal first
term in eq. 3.

Once the surface has been irradiated at high fluences to induce etching and plume
formation, a plume ccdu be maintained at lower fluences (e.g., -0.7 Fthreshold). At fluences
barely above the threshold for plume formation, the decrease in PIE noted above was still
observed, but was eventually followed by a dramatic increase in PIE accompanied by plume
formation and the onset of rapid etching. Immediately below the threshold, the onset of plume
formation often required thousands of shots with little PIE. At higher fluences (> 2.7 j/cm2), i we
observed a similar but much shorter pre-treatment for plume formation. In each case, this
induction period is apparently required to produce the accumulation of damage in the form of near-
surface defects. We have recently determined that in the range of fluences near threshold and
higher, there is also copious negative ion emission which appears to be principally an oxygen
containing ion (0- or OH-) and has many characteristics of the PIE in terms of fluence dependence.

Effect of Electron Irradiation on PIE. To investigate if electron beam induced states are
capable of promoting strong interactions of 248 nm with the glass, we examined the effect of
simultaneous and sequential electron and laser irradiation. In Fig. 4 we show the effect of
simultaneous electron and laser irradiation on PIE at a laser fluence well below the etching

S100 10
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Fig. 4. Peak PIE due to successive laser pulses with and without simultaneous electron irradiatioit
at 1.5 keV. In (a) the electron current density at the interaction region is initially zero and
is raise to -3 A/cm2 at the arrow. In (b), the electron current density is initially -3 A/cm 2

and is reduced to zero at the arrow.

threshold. In Fig. 4(a), the electron beam is initially off and is turned on midway through the
sequence of pulses. The effect of the electron beam is an immediate increase in PIE emission. A
visible plume, signaling the onset of rapid etching, accompanied the rise in PIE. In Fig. 4(b), the
electron beam is initially on and is turned off midway through the sequence. The intense PIE
during electron irradiation decays over several laser pulses. This decay indicates that the electron
irradiation not only shortens the induction time for the onset of etching, but also lowers the etchins,
threqbotd 1,,r,,-,.,, - ..diation, appar tiy resuits in the efficient production of states which
enhance PIE and plume formation, presumably by increasing the absorption at 248 nin and
increasing nc. As discussed elsewhere, 3 electron irradiation combined with laser irradiation may
prove useful for a variety of surface modification and deposition processes.
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Reflection Electron Energy Loss Sectroscopy (REELS .REELS measurements were
made to identify possible surface states which might participate in the emission processes. The
consequences of electron bombardment of the surface could also be analyzed. Three REELS
spectra are shown it, Fig. 5 for 0, 5, and 10 minutes of exposure tine. The REELS data taken at 0
min. after in situ fracture show no states in the -2 to -6 eV energy range. (The energy zero is
defined by the elastic peak.) Following five minutes of electron beam exposure,
peaks appear in the range of -2 to -6 eV. These peaks were very well defined after ten minutes of
electron beam exposure. These results suggest that absorption sites for 5 eV photons are produced
by damaging the surface. The build-up (as beam exposure time increases) of electron energy loss
peaks in the range from -2 to -6 eV suggests that defects are created by electron or ion beams.
These shallow electronic levels which may be responsible for light absorption and electron
emission at low laser fluences are associated with surface and/or defect states. REELS studies on
amorphous SiO2 films show loss peaks at 3.5, 5.1, and 7.2 eV which are attributed to a metastable
surface phase of nearly mono:tide stoichiometry. 14 These energy losses are close to surface levels
seen on pure Si (where the electron affinity of silicon is 4.2 eV and the band gap is 1. 1 eV),
suggesting that the levels responsible are indeed within 5 eV of the vacuum level and capable of
participating in photostimulated electron emission.

The creation of E' centers by excimer laser irradiation at 5 eV has been observed by Stahis
and Kastner15 in high purity amorphous silicon dioxide (Suprasil and Suprasil W) with electron
paramagnetic resonance (EPR) techniques. Absorption of light in photoinduced F centers would
be consistent with the observed delay in the onset of laser etching seen on polished surfaces.

These filled states are possible sources for the free electrons created in the near surface
region which couple with the laser light as discussed above. Collisions of the electrons within the
first few tenths of microns of the glass surface would eventually elevate the temperature to the
softening or melting point of the glass at high fluences, resulting in the hydrodynamic type
sputtering observed. 1

Electron Energy Loss Spectra of Sodium Trisilicale Glass
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Fig. 5. Electron Energy Loss Spectra ot sodium trisilicate glass.

Surface Roughness. At higher fluences, increased absorption of energy in the near surface
region could also be due to an enhancement caused by surface roughness. While polished glass
requires twenty or more pulses to induce etching at 2.7 J/cm 2, unpolished glass etches immediately
upon irradiation with the laser. Wood16 has noted that electric field concentrations at qcratees

..icre ..e .the ..f rcfacdoa quarcd; thus, the corresponding energy density at a crack is
enhanced by the fourth power of the refraction inoex. The real part of the refraction index for
sodium trisilicate is very near three halfs which yields an energy density enhancement of five at a
crack. In previous work,1 we noted that after ten pulses at high fluence, polished sodium trisilicate
glass displays fracture craters. These craters on the polished glass could enhance the energy
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density causing more damage to the surface until the surface was rough. Thus, surface roughening
may also play a significant role in the onset and extent of etching of silica based glasses.

CONCLUSION

We have presented measurements of the pre-threshold charged particle emission from 248 nm laser
bombardment of sodium trisilicate glass and indicate that electron emission and simultaneous laser-
-free electron heating are the dominating mechanisms for subsequent release of large quantities of
material including charged species, neutrals, and eventually ejecta. We showed that creating
defects with another radiations source, namely an electron beam,3 can greatly reduce the laser
intensity required to begin etching the glass surfaces. Extension of these concepts to other
inorganic targets is now in progress.
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ULTRAFAST IMAGING OF I ILTRAVIOLET LASER ABLATION AND

ETCHING OF POLYMETHYL METHACRYLATE.

Bodil Braren, R. Srinivasan, Kelly G. Casey, and Mildred Yeh,

IBM, T. J. Watson Research Center

Yorktown Heights, NY 10598

ABSTRACT

Ablation and etching of the surface of polymethyl methacrylate (=PMMA) by pulses of 248

nm laser radiation -20 ns full width at half maximum (FWHM) have been probed by pulses of

visible laser radiation (596 nm; <1 ns FWHM). The results were recorded photographically in real

time with a set time delay between the 248 nm ablation pulse and the 596 nm probe pulse.

Modification of the surface structure of the polymer at a fluence - 3 J/cm2 is first visible

at 12 ns and appears to be complete in - 60 ns. The first manifestation of the ablation does not

occur until the UV pulse is over and consists of a nearly transparent shock-wave that has an initial

velocity of 6 x 104 cm/sec. Solid material from the ablated zone begins to leave the surface at ~

150 - 200 ns and reaches a maximum in intensity at 6 ts, continuing for - 20 jis. The average ve-

locity of the solid material, which is probably a low molecular weight polymer of PMMA, is 1.5 x
104 cm/sec.

The conclusion to be dravwn from the present work is that the signal measured by

photoacoustic detectors does not coincide with the bulk of the material leaving the surface.

INTRODUCTION

Two studies1,2 over the past year have shown that short (-1 ns) pulses in the visible spec-

trum can be used to probe the course of the ultraviolet laser ablation of tissue1 or a polymer

(polyimide). 2 In these pioneering investigations, the samples were viewed from only one optical

perspective and the span of time was limited to either the width of the UV pulse 2 or to times that

were long (microseconds) in relation to it.1 We show that probing the surface of a sample of

polymethyl methacrylate (=PMMA) during ablation along more than one perapective and over a

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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time span that extended from the start of the UV pulse to many tens of microseconds following its

conclusion provides a more complete picture of the stages in the decomposition, ablation, and

etching of the surface of this polymer by a UV laser pulse. Improved imaging techniques have been

used recently by Kim et al.3 to study the interaction of a 77 ps pulse of 532 nm laser radiation with

PMMA while probing with part of the same pulse at various delay times. Although the mechanism

of the interactio.i between the photons and the polymer in this instance is viewed 3 as being dif-

ferent from the interaction of a UV laser pulse of longer duration with the same polymer, common

features of that study and this one are also mentioned here.

248 nn
20 ns (FWHM)

Ph oto- L
pdetector 0)

CameraD

L) Poy yer Ii)Xtarget M5

,o( Tri g g er

LIII-Eeimer LaserDsas en;
Figure 1. Schematic Diagram of Experiment. When the probe beam was moved to illuminate the

polymer surface at a glancing angle, the camera was also moved so that it was parallel to the sur-

face on the opposite side.

The apparatus that was used is shown schematically in Fig. 1. Of the two excimer lasers, one

(Lambda-Physik EMG 201) produced 248 nm pulses of ~20 i's FWHM which were used to ablate

the polymer. The second excimer laser (Lambda-Physik 20IMSC), which was electrically coupled

to the first by an electronic trigger (Pliil;ps Pulse Generator PM 5716), pumped a dye laser

(Lambda-Physik FL 4000 T) which produced pulses of < I ns FWHM at 596 nm. The delay be-

tween the ablation and probe pulses was measured for each pulse by a photodiode which was

monitored by a Tektronix 2467 Oscilloscope. The viewing of the polymer surface was by a stand-

ard photographic camera (Hasselblad 500C) which was fitted with a Rodenstock-Heligon le-S (f,

L.=25 mm) to provide a recorded magnification of 15-20 X. A band-pass filter which transmitted

from 560 to 640 im limited the wavelength range of the photographic image. The sample of

PMMA used was 0.73 mm thick and was polished on both sides. When the probe beam was in-
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clined to the polymer surface at an angle of 300-45*, interference fringes were seen in the reflected

beam which were useful in observing the changes not only in the area undergoing ablation, but also

in the atmosphere above and around it. All experiments were carried out in air using only single

pulses and a fresh surface of the polymer for each exposure. Problems due to the conditioning or

"incubation" of the surface were avoided by the use of a relatively high fluence of the laser to

cause ablation.

a 0.5 mm i n

r

Figure 2. Pictures of PMMA surface during one UV (248 nm; 20 ns FWHM) ablation pulse.

Probe beam and camera were positioned as in Fig. 1.

Figure 2 shows a series of photographs of the surface of PMMA which were taken at various

time intervals following the start of the UV pulse of 56.4 MW/cm 2 (2.82 J/cm 2). The irradiated

area is seen to "blacken" which can be attributed to the scattering and/or absorption of the visible

light away from the camera. In turn, this shows that in as little as 12 ns after the start of the UV

pulse, physical and/or chemical changes start to occur in the polymer. The blackening also leads

to reduced transmission of the visible light through the sample as shown by the shadow of the UV

exposed area on the back, inner surface of the PMMA. The exposed area reaches a maximum

darkness at about 60 ns which is at the end of the UV pulse of -20 ns FWHM, which could be

explained by the change in UV transmission reported by two groups. 4,5 When the probe beam il-
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luminated the polymer at a glancing angle (Fig. 3) and the camera viewed the ablation process in

profile with the probe beam behind the plume, the first manifestation of the ablation is at 60 ns

and consists of a nearly transparent shock-wave that has an initial velocity of 6 x 104 cm/sec. In

successive frames, the shock-wave is seen to expand hemispherically, but its velocity does not

follow the t0 .4 relationship that was seen by Kim et aL3 using visible, 54 Gw/cm2 pulses. The best

fit of the present data corresponded to an exponent of 0.76±0.06. The shock-wave can be seen

as a ring, as in their work, when the camera is at an angle of 30' to the surface. The expanding

gases behind it may explain the temporary disruption of the interference fringes around the ablated

area in Figs. 2b and 2c. The fringes are completely restored at the end of the ablation process (Fig.

2d).

G:' 34..'" 7v"

Figure 3. Ablation of PMMA by one UV (248 rn) pulse seen in profile. The horizontal line at

the bottom of each frame is the edge of the polymer film. The ablating pulse was directed normal

to the surface, i.e. vertically downwards. The probe beam was almost parallel to the surface and

illuminated the plume from behind. The camera was nearly in line with the probe beam.

Solid material i.g., debris, from the ablated zone does not begin to leave the surface until the

UV pulse is over (Fig. 3(e)-(I)), as also observed by Puliafito el al. in the case of tissue ablation

with 248 nm (nanosecond) pulses. When the focus was optimized, the motion of the debris above

the polymer surface could be resolved to 12 pm. The ejection of solid material continued well into

tens of microseconds, the bulk of the material being ejected at an average velocity of 1.5 x 104

cm/sec. This velocity is in line with values which were estimated from time-of-flight measurements

on PMMA (in a vacuum; pyroelectric detector) 6 and other polymers (in a vacuum; mass

spectrometric detection). 7 Careful examination of Fig. 3(e)-(g) shows that the ejected polymer is

made up of fine particles. From earlier work 8 it is known that the principal product of the ablation

of PMMA (Mol, Wt. -106) with 248 nm pulses is a polymer of low molecular weight

(Mn = 2500) while volatile products such as the monomer amount to less than a few per cent.
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The most surprising conclusion to be drawn from the present work is that the bulk of the material

leaving the surface does not need to coincide with the decomposition of the polymer as measured

by photoacoustic measurements 9 but can follow it slowly.
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Abstract
We have investigated the formation of various multilayer thin films by the laser physical

vapor deposition technique. A multi stage target holder was constructed to perform all process
steps in-situ; target/substrate cleaning, deposition, and annealing. The laser physical vapor
deposition technique offers many advantages over conventional physical vapor techniques, such
as, lower substrate temperature, microstructural control, and very low contamination levels.
Film thickness can be controlled from near atomic to micron dimensions. A layer-by-layer (two
dimensional) growth can be achieved, resulting in nonequilibrium structures. The films were
analyzed using cross-section and high resolution transmission electron microscopy (TEM). The
significant reduction in substrate temperature for the formation of high quality multilayer and
epitaxial films opens up many new areas of applications requiring reduced thermal-budget
processing.

1. Introduction
Thin film technology now has a dominant role in many industries, and particularity in the

microelectronics industry. This is reflected in the enormous volume of literature on the subjects
of new techniques for thin film processing and characterization. Thin films range widely in
applications, hard coatings for machine tooling, reflecting and antireflecting coatings for optical
mirrors and lenes, active and passive layers in semiconductor devices, etc. More recently
ultrathin films of uniform and precisely controlled thickness in the range of I - 10 nm have come
to be important both scientifically in the branch of solid-state physics as well as in the
technology of very large scale integrated (VLSI) circuit design.

Laser physical vapor deposition (LPVD) is a rapidly emerging technique for the deposition
of thin films. LPVD offers many advantages over conventional physical vapor deposition
techniques. The LPVD technique can produce energetic (10 tol00 eV) ionized and excited
vapor species which can enhance the surface mobility and crystallization process and thus lower
the growth temperature.1 Undesirable impurities are minimized since the substrate is at a low
temperature (<400'C) and the heating of the sputter target occurs in spatially selective region
inside the vacuum chamber. The process is fully compatible with high-vacuum since the laser
beam is generated outside the vacuum system. LPVD also provides instantaneous control of the
ablation process and the film thickness from near atomic to micron dimensions by choosing
appropriate laser parameters. The forward directed nature of the LPVD process can provide

better step coverage in applications such as metal contact formation in holes smaller than ljIm 2

for VLSI circuit design. Laser physical vapor deposition of films with properties comparable t(,
those made by conventional techniques have been previously reported.2

In this wok we present results ofe~quenil depoA iotnn o,,1 f uprPi thin filns of carbon

and tungsten, titanium nitride and carbide, and high Tc superconductor compounds. We also
combine the process of laser atomic cleaning of silicon substrates and the initial stages of
epitaxial growth of germanium.

Mat. Res. Soc. Symp. Proc. Vol. 158. 01990 Materials Research Society
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2. Experimental

For the multilayer deposition of carbon and tungsten a beam deflection technique was used
as shown in figure 1. The (100) silicon substrates were mounted on a molybdenum face plate
resistance heater. To deposit W/C composite films a graphite block and a thick sheet of tungsten
foil (99.9%) were mounted together side by side on the target holder. A pulse XeCI excimer
laser (wavelength 308 nm, pulse duration 40 x 10-9 s, repetition rate 1Hz) was used to ablate the
targets. A laser mirror mounted on a 2 axis angular translation stage was used to translate the
beam rapidly between the two targets. The 2 cm diameter laser beam (0.3 joule per pulse) was

focused onto the targets with an energy density of 4 to 5 Jcm "2 at a 450 angle of incidence,

SUSSTRAt
HOLtRi H ATtf.
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Figure 1. Diagram of the target/substrate holder for the Figure 2. Diagram of the targettsubstratc holder for the
beam deflection technique, sequential processing technique.

The TiN/TiC, Y,.3/La1.3, and Ge films, were deposited using a multi-target sequential
processing technique as shown in figure 2. A rotating target holder was designed to hold four 3

cm diameter targets or three targets and a mirror to direct the laser to the substrate. The (100)
silicon substrates for titanium nitride and carbide. and germanium, or (100) YSZr and (100)
LaAIO 3 substrates for high Tc superconductor were also mounted on the molybdenum face plate

resistance heater. A stainless steel shutter plate was used to shield the substrate during pulsed
laser preconditioning of the targets and minor.

The (100) silicon substrates (0.5 f2cm, B doped) were precleaned in hydrofluoric acid for
30 seconds and dried using ultrapure dry nitrogen. The substrates were then mounted on the
heater and prebaked at 400'C alone with the vacuum chamber bakeout at 2001C to a base

pressure of 2 x 10.7 torr using a turbomolecular pump. A KrF excimer laser beam (wavejength
248 nm, pulse duration 20x 109 s, repetition rate 5 - 10 Hz) was used to ablate the targets.
With the shutter covering the substrate, the ablation surface area of the targets were scan first at
a low energy density. The 3 cm 2 laser beam, at 0.3 joule, was focused to an energy density of
I to 2 Jcm "2 depending on the target. A multi-step scan (5 pulses per step) over Onze target
surface was performed to remove any surface contaminants on the targets prior to deposition.
The mirror surface was cleaned in a similar manner at an energy density of 0.75 Jcm "2. The
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laser beam was then directed onto the Si substrate at an energy density of I to 1.3 Jcm "2 using
the same multi-step scan over the area used for deposition (4 to 6 cm2). Previous experiments
have shown that pulsed laser irradiation of silicon at this energy density and temperature causes
the near surface region of the substrate to melt but not ablate.3 The melted layer then regrows
from the underlying substrate by means of a liquid phase epitaxial regrowth. The contaminants
oxygen and carbon are either desorbed from the surface during irradiation or undergo
redistribution by means of liquid-phase diffusion during the time the surface region is molten.
For the epitaxial germanium films only half of the deposition area was precleaned so that a
comparison could be made between the laser cleaned and original regions.

The substrates, (100)YSZ (yttrium stabilize zirconium and (100)La A10 3 (lanthanum
aluminide) used for high Tc superconductor multilayer films were precleaned in the solvents
acetone and methanol. The two targets used to form multiple layers were YBa 2CU3O7. and

LaBa 2 Cu3O7 .x. The vacuum chamber was initially pumped down to 1 x 10.6 torr and then
backfilled, the pressure set to 200 mtorr, with oxygen flowing at 175 sccm. The substrate
temperature was held at 6501C with negligible heating of the targets. The target to substrate
distance was set at 4 cm. The energy density was in the range 2.3-2.7 Jcm "2 and pulse rate was
less than one per second. After the deposition, the oxygen pressure was raised to 760 torr and
the substrates were slowly cooled to room temperature.

Germanium was deposited using an energy density ranging from 3.5 to 6 Jcm "2 and 2500
pulses per deposition over a 4 cm 2 area of the substrate. The substrate temperature was held at
400*C during the cleaning process and deposition. The deposition rate was found to be 0.04 A
per pulse for 3.5 Jcm "2 and 0.4 A per pulse for 6 Jcm "2. For energy densities greater than 4
Jcm "2 the films contained particulates of I to lOgi in diameter with a number density ranging
from 105 to 106 cm 2.4 At energy density below 4 Jcm"2 the particulate size was less than a
micron the density of which was in the range of 103 to 104 cm "2.

Detailed cross-section high resolution transmission electron microscopy (HRTEM) and X-
ray diffraction were used to investigate film microstructure and epitaxial relationships. Chemical
analysis was performed using Rutherford backscattering/channeling spectroscopy (RBS) and
Auger electron spectroscopy (AES).

3. Discussion

3.1 Tungsten/Carbon on (100)Silicon
Thin films of tungsten and carbon are being investigated as a possible multilayer optical

coating for X-Ray mirrors. The layer thickness and microstructure quality must be maintained.
Laser PVD of these coating presents many advantages over existing coating techniques, such as
lower deposition temperature for sensitive substrates, localized target heating, and very fine
control over microstructure and thickness of the films. Also the energetic beam is expected to
result in enhanced surface mobility and increased density of the films.

Figure 3() shows a crss-seconal ,croap of a inuitilayer tungsten/carbon film on a
(100) silicon substrate. The RBS spectrum of figure 3(b) shows the tungsten peaks for the first
three layers. The tungsten peaks from layers further in are not distinguishable due to the spread
in energy of the backscattered ion signal deeper into the film.
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Figure 3(a) TEM cross-section of a multilaycr carbon/tungsten deposition at 4000 C and 4 Jcm "2. (b) RBS
spectrum of the multilayer film showing the tungsten peaks for the first three layers.

This multilayer film was deposited using a beam deflection technique because the laserbeam
can be quickly translated from one target to the other (less than a second for a manuel controlled
system). Localized target heating is minimum and does not cause cross contamination. The
deposition consisted of 7 tungsten layers and 6 carbon layers at 200 pulses per layer. The
energy density for both targets was 4 Jcm"2. The average layer thickness was 220 A for
tungsten and 180 A for carbon. The total thickness of the deposited multilayer was 2600 A
which gives a deposition flux of - IA per pulse. It should be noted that the deposition flux
depends on the laser beam intensity, its spatial and temporal profile, the overall shape of the
laser beam, the energy density, the amount of beam focusing, and the distance between the
target and substrate. 5 All of these parameters are readily available or can be determined
experimentally. By scanning the laser beam over the target and/or translating the substrate in the
proper increments film uniformity and depth can be precisely controlled.

3.2 Titanium Nitride/Titanium Carbide on (100) Silicon
Titanium nitride and carbide coatings have found numerous applications in view of their

excellent corrosion and erosion resistance, relative inertness, high hardness and desirable optical
and electronic properties. 6 Multilayer films of TiN and TiC are being investigated to take
advantage of their mechanical properties. TiC is slightly harder than TiN, but TiN is more
ductile than TiC.

Polycrystalline films grown by conventional chemical vapor deposition (CVD) and physical
vapor deposition (PVD) methods are affected by growth parameters such as substrate
temperature, gas pressure and flow ratio, target and substrate biasing. Polycrystalline TiN and
TiC films grown by conventional methods tend to grow often with columnar grains, where
faster diffusion along grain boundaries make them susceptible to environmental effects. We
have recently developed a laser ablation method to deposit polycrystalline films at or near room
temperature. 7 Figure 4 shows a cross-section TEM view of a multilayer film formation of
TiN/TiC/TiN on a (100)silicon substrate deposited at 400*C. The approximate layer thickness
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Figure 4 (a) TEM cross-section of a TiN(1000 A)friC(1000 A)/riN(200 A)I(100)Si multilayer film deposited at

4000 C and 5 Jcm "2.Cb) Corresponding selected area diffraction pattern.

are TiN(1000 A)/TiC(1000 A)/TiN (200 A) which gives an average deposition flux 0.5 A for
TiN and 0.3 A for TiC. Using the new generation of high pulse rate excimer lasers, deposition

rate of up to I tolO pLr per hour can be achieved in a 6 cm 2 area. The distinguishing feature of
these films are lower substrate temperature, lower impurity content, and the equiaxed nature of
the grain structure. The polycrystalline films are very dense with an average grain size of 100 A
which remained approximately constant with deposition temperatures from 25 to 600C. We are
currently investigating a process were titanium can be deposited on a laser cleaned silicon

surface and then laser annealed 8 to form a intermediate titanium silicide layer. This can be
followed by a TiN deposition to form a diffusion barrier and a low resistive metal contact for
VSLI technology.

3.3 Textured Multilayer La1 23 and Y12 3 Thin Films
Targets of semiconducting and/or superconducting (La/Y)123 compounds were prepared by

standard ceramic routes reported in literature for the preparation of high T, materials starting
from the respective metal carbonates and/or oxides. As semiconducting properties in the La123
compounds are observed around oxygen contents of 7, we have investigated the semiconductor
/ superconductor superlattice of La123 / Y123 A semiconducting La,23 film of about 1000 A
thickness was first deposited on (100) LaAIO 3 which was followed by another 1000 A thick

superconducting Y123 film. The time for the change of the bulk target through the rotation of
the carousel was less than 3 seconds. High resolution X-ray diffraction pattern of this film is
shown in figure 5(a). We clearly observed two different sets (001) reflections corresponding to
the Lal23 as well as Y12 layers. These iesults clearly demonstrate the textured growth of

superlattice La 123/Y 123 films.
Long period structures and intergrowth structures of the layered high-T materials have

been suggested to improve the 'r. of tnese new materials.9 We have investigated the
superlattices of superconducting La,23 and Yt23 with varying modulations. We have made
superlattices with a calculated modulation of 120 A and 300 A by alternately depositing the thin
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Figure 5 X-Ray diffraction spectrum of the (00L) plans off t multilayr YI23/LaI23 film showing textured

growth in the (O0L) direction. (a) Y123(0000 A)/La23(1000 A)/ (100)LaAI 3. Nb Y123(020 A)/l.,a123(120 A)

/ ... 8 layen.J(100)YSZr. (c) Y123(300 A)iLal2(300 A)/ ....6 layers../(OO)YSZr.

f'lms of orhorhombic Lat23 and Y23 The textured growth of the superlattices is not hindered

by the 3 sec delay in rotating targets We clearly see the separate identity of the La23 and Y23
unit cells in the X-ray diffraction patterns (see Fig.5(b) and (c)) for all the superlattie structures

in the form of separate set of (100) reflections. However, we observe gradual broadening of the

X-ray peaks as the modulation length is decreased, probably due to the decreased dimensions of

_ the film along the c-axis. Thus, it is clear that controlled growth of superlattice structures of

Lat23/Y,123 is possible. These supelattie films exhibited a To(zero)= 85 K and further

investigations are under process to study the decreasing modulation lengths.

34 Initial stages of Ge nucleation

The studies on the initial stages of epitaxial growth in various heteroepitaxial systems, are

expected to shed light on fundamental aspects of crystal growth l o particularly two-dimensional

versus three dimensional growth. For low misfit systems (f<l -1,5%), the growth of the

epilayer can occur layer by layer (two-dimensional) growth. However, the growth in large

nisfit systems normally proceeds by island (three-dimensional growth). Ile initial stages of the

growth of Ge films deposited on laser pre-irradiated and non-irradiated Si substrates (mismatch
=4%) by laser physical vapor deposition has been studied using high-resolution TEM.

Ile samples were studied using a JEOL 200CX electron microscope. The microscope has
a spherical aberration coefficient Cs = 1.4 rmm and a point to point resolution of 2.6 A. The

eenrn bean was par-allel to the [ I101) direcioni. Figure 6 shows a highl resoluton electron

micrograph of de Ge islands formed on a laser pre-irradiated section of the (100)Si substrate.
The island size varies from 80 A to 120 A. The Ge island growth epitaxial to the Si substrate

can be clearly seen in figure 7 which is a higher magnification micrograph of one of the islands

t~
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Figure 6 High-resolution electron micrograph of Ge islands grown on the laser pre-irradiated part of an Si
substrate. The imaging direction is (1101.

in figure 6. The interface between the Ge islands and Si substrate is quite smooth. The native
oxide present on the Si surface has been almost completely removed on the pre-irradiated section
of the Si substrate using the KrF laser. Most of the islands have two dimensional defects like
stacking faults, twins and microtwins.

Figure 8 shows a high resolution electron micrograph containing Ge islands on an area of
the Si substrate with was not pre-cleaned. It is clear from the micrograph that the native oxide
layer at the Si surface has not been removed. The Ge islands grow on the oxide layer and
occasionally we find some Ge islands are epitaxial with the Si substrate. This could occur if
there are some local interruptions in the oxide layer leading to an epitaxial growth or the
energetic Ge vapor pulse beam could be initiating the nucleation through the oxide layer. It is
clear from a comparison of the micrographs of Ge islands grown on pre-irradiated and

r -t

KIN",

Figure 7 High-resolution TEM micrograph of one of Figure 8 High-resc iution TEM micrograph of Ge
the Ge islands shown in figure 6. and native oxide laycr on an area not pre-irradiated.

unirradiated Si portions of the substrate, that there is removal of the native oxide layer due to
ihser pre-irradiation. The cleanliness produced by laser irr-diation of the Si substrate which
depends on the oxygen partial pressure in the chamber leads to a better epitaxial growth of Ge.
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LASER PATTERNING-AND ELECTRICAL PROPERTIES
OF SUBMICRON LINES OF Y-Ba-Cu-O

J. P. ZHENG, Q. Y. YING, H. S. KIM, D. BHATTACHARYA, D. T. SHAW AND
H.S. KWOK
State University of New York at Buffalo, Institute on Superconductivity, Bonner Hall,
Amherst, NY 14260

ABSTRACT

0.6/zm-wide lines of high Te Y-Ba-Cu-O have been fabricated by direct laser writ-
ing on mirror-like thin films which were grown by laser deposition without post anneal-
ing. Laser ablation etching had no effect on the Tc and Jc until the lines were < 1 pmwide. The 0.6 pm-wide strip showed some degradation of Tc al d Jc. T e critical currentdensities for these patterned lines were measured to be -5X10 A/cm at 50 K.

INTRODUCTION

Since the discovery of high T' superconductors, there has been a tremendous effort
to grow quality thin films of these materials by various techniques [1-4]. Currently, thin
films of such materials can be made with very large critical current densities. Because of
the interest in developing these films into devices, patterning of these films is important.
High-resolution patterning of these films is pursued for two reasons. First, it is used to
fabricate high Tc devices such as superconducting quantum interference devices
(SQUID) [5], transmission lines [6], microwave [7] and optical [8] detectors and so on.
Secord, such studies can lead to some insight into the physical phenomena of these
superconducting materials on the micro scale.

Superconducting films have been patterned by various methods. These include ion
beam lithography [9,10], electron beam lithography [11], conventional chemical etching
[12] and laser etching [13-16]. Unfortunately, in most cases, involving wet lithography,
high temperature post-annealing of the films are often necessary, The surface morphol-
ogy of the resulting patterned films is rough and usually shows percolation of microcrys-
tals on the surface due to this high temperature.

On the other hand, thin films have been deposited which are superconducting
- x' ithout post-annealing [1,2]. There is clearly a need for patterning these smooth as

teposited films by dry techniques such as plasma etching and laser ablation [17,18]
which do not requirq-further annealing. We have investigated the use of laser dry etch-
ing for the patterning of as- deposited superconducting Y-Ba-C-O thin films on various
substrates. Line:: as narrow as 0.6 pm have been fabricated on the in situ laser-deposited
thin films with high critical current densities.

EXPERIMENTAL

The thin films were deposited on ZrO2(100) and MgO(100) substrates. The sub-

strate surface was prepared by ultrasonic cleaning in trichloroethylene, acetone,
methanol and de-ionized water. The deposition was carried out in a vacuum chamber
with a base pressure of - 10" Torr. An ArF excimer laser with 193 nm wavelength was
focused on a rotating Y-Ba-Cu-O superconducting target. A flowing oxygen atmosphere
of 5 mTorr was maintained in the chamer during the deposition. TII laser was operated
al, 10 Hz with an intensity of -3 J/cm and a soot size of lx3 mm .The substrate was
heated to a temperature of about 6200C - 660 C and mounted at -10 cm above the
t..e .The .posI.on time was 15 rin fos a 0.27-pin-thick fiim. After deposition, the
film was cooled to room temperature over a period of I h in a 100 Torr 02 atomosphere.

The laser patterning system is shown in Fig. 1. A frequency doubled single-mode
cw Q-switched Nd:YAG laser was used. The laser pulse had a duration of 80 ns and a
variable repetition rate of 1-10,000 Hz. The laser beam was focused to a diameter of 1

Mal. ties. Soc. Symp. Proc. Vol. 158. m1990 Materials Research Society
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pum by an optical microscope objective. A video monitor was used to display the pattern
simultaneously. A 1OX eyepiece and a 40X objective lens with a numerical aperture of
0.7 were used. Two computer-controlled stepper motors were employed to translate the
film on the sample .iolder. The laser intensity was adjusted to slightly above the ablation
threshold of 2 J/cm .The laser was highly attenuated to produce such fluences. Typically,
only 20.uW of the 532 nm output power was used.

At a laser repetition rate of 1000 Hz, the maximum scanning rate of the system was 0.5
mm/sec and was limited by the laser repetition rate. It was found that a N2 gas jet over
the sample played a very important role in producing good results. The N2 stream car-
ried away the particles which were evaporated by the laser beam to prevent re-deposi-
tion on both the surface of the film and micro-objective lens.

RESULTS

To characterize the patterning system, as well as the superconducting films, super-
conducting microstrips in the range of 87 pim width were produced with a length of 100
um. Fig. 2 shows the scanning electron microscope (SEM) picture of a patterned
YBa2Cu307.x superconducting film. The edge was quite sharp to within 0.1 pm.

The electrical properties were measured by the standard four-probe method. No
further annealing was necessary after the patterning. Fig. 3 shows curves of the resis-
tance as a function of temperature for MgO (100) substrate with different lipewidths.
The substrate temperature was about 660 C. The original film showed an onset of 90 K
and a zero resistance at 87.7 K. After patterning, the Tc(R = 0) decreased by less than 2
K for the 87-3.5 pm lines. However, for the 0.8 im line, Tc decreased to 81 K. The
suppression of Tc for the submicrometer lines is very similar to the results obtained with
ion beam lithography [10]. It is probably due to the finite grain size of the Y-Ba-Cu-O
film, and not the result of chemical degradation [19].

SHUTTER VIDEO C FRA

=m TV

CONTROLLERL

Fig. I Schematic diagram of the laser Fig. 2 Photographs of the patterned
patterning systems. Y-Ba-Cu-O films.
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The critical current Jc was defined as the current at which the voltage between the
voltage probes was less than 1 IV, the resolution limit of the measurement system. Fig. 4
shows the critical current densities s a fu ction of temperature for the 3.5-87 pm lines
on MgO. The limiting Jc was 5X10 A/cm at 50 K. This value is quite good compared
with other results. However the Je decreased significantly for a 0.8,um line.

When the substrate temperature was decreased to about 6200C, similar results for
the superconducting transition were observed for various linewidths on ZrO2(100) as
shown in Fig. 5. However the critical current densities of this sample were at least 10
times lower than the one with higher substrate temperatures. For the 0.6 Pm line, the Jc
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was lower compared with the one of wider lines since the Tc decreased to 69 K from 81
K of the original film. However the Jc remained the same for all pattern lines at low
temperature (2 K). Fig. 6 show3 the critical current densities as a function of tempera-
ture for the finest 0.6/am line.

It was found that the grain size of the Y-Ba-Cu-O film increased with increased
substrate temperature during deposition. The superconducting properties will start to
degrade when the linewidth approaches the dimension of the grains. Thus the grain
boundaries are believed to play an important role in the ultimate size of the device
patterned. The observation is consistent with the results of the critical murrent density
on the submicrometer lines.

Compared with the cw Ar ion laser [16], it can be seen that the cw Q-switched
Nd:YAG laser produces much better results. A power level of 0.5 W was needed for
"ablation" with the Ar ion laser. Under such high laser power, the entire microstrips
would be heated to high temperatures. These high temperatures may lead to oxygen loss
and degradation of the superconducting properties. In the present work, average laser
powers of ~20 aW were used. No significant heating and decomposition was observed.
No post annealing was necessary. This was confirmed by an energy dispersive X-ray
(EDAX) analysis of the microstrip.

To optimize the laser repetition rate, the thermal diffusion time for both Y-Ba-Cu-
O thin film and substrate was measured by the pulse photothermal radiometry (PPTR)
technique [20). It was found that the thermal diffusion times are -2 /is and -200 /is
for a 0.1 pm Y-Ba-Cu-O thin film and for bare MgO substrate at room temperature,
respectivily. To avoid the thermal accumulation, the time interval between two pulses
should be longer than the thermal diffusion time. On other hand, the maximum scanning
rate of the system was limited by the laser repetition rate. So the optimal laser repetition
rate for this application is about 1 kHz.

CONCLUSIONS

Laser etching is a quick, simple process for patterning the as-deposited Y-Ba-Cu-O
films. It does not require any masking or chemical processing. No post-annealing is
necessary whatsoever. Lines as narrow as 0.6 pm were fabricated by a cw Q-switched
Nd:YAG laser. The surface of the patterned film remained as smooth as the original
film. ,Te patterned lines on our best quality film showed a Jc of 5.5X10 A/cm2 at 50 K
and 10 A/cm at 10K. These patterned lines have been successfully applied to the study
of optical nonthermal response in the high Tc films [8].

This research was supported partially by the New York State Institute on Super-
conductivity. HSK is a NSF Presidential Young Investigator.
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Al, 73, 267 electroless, 61, 109, 189
Si, 241, 255, 281 electrolytic, 61

metalorganic PMMA
(ir-allyl) ( -cyclopenta- ablation, 471
dienyl) palladium, 103 micropores in UV-irradiated,

Cd alkyl, 357 39
CH4 Au(C 2H5 ) 3 P, 129 polishing, chemomechanical,
copper formate, 169 365
dime thyl polyimide

cadmium, 381 ablation, 439
tellurium, 381 laser curing, 97
zinc, 377 polymer, ablation, 439

dimethylaluminum hydride polymerization, of TEOS with
(DMAH), 21, 121, 135 02, N20 by UV, 273

Engelhard gold ink, 319 polysiloxane, 273
Me2Au(hfac), 73 printed circuit board,
palladium acetate, 109, 319 multilayer, 439
silver neodeconate, 319 pyrolysis
Te alkyl, 357 germane, 147
trimethylaluminum (TMA), 21 gold metalorganic, 129
trimethylgallium, 91 palladium acetate, 319

molecular beam, C12, 389 PF5 , 281
multi-chip module, 61, 439

nanosecond thermal processing
(NTP), 241 reflectance, time-resolved, 73

nickel, etching, 47 reflectivity, time resolved,
nucleation, 27, 91 357

optical interconnects, 97
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selenium, hydrogen selenide,
377

silicide, refractory metal,
261

silicon

amorphous silicon
deposition, 201

carbide, etching, 295
-carbon amorphous alloy,

181
dioxide
deposition, 97, 201
etching, 53
nitride, deposition, 201
oxinitride, deposition,

201
etching, 53, 325

superconductor
deposition by laser
sputtering, 451, 477, 485

Y-Ba-Cu-O, 485
Bi-Sr-Ca-Cu-O, 451

synchrotron radiation, 53

teflon, etching, 33
tellurium

diethyl tellurium, 357
dimethyl, 381
etching, 289

titanium
deposition from titanium

tetrachloride, 141
dioxide, deposition, 97
etching, 47
tetrachloride, surface
reaction, 3

transistor
CMOS, stacked, 365
dual-gate, 365
for 3-D DRAM, 339
HEMT, 261, 401
MOSFET, submicron, 241
narrow base bipolar, 241
polycrystalline silicon

thin film, 255
tungsten
amorphous, 161
deposition
by laser sputtering, 477
from

W(CO) 6 , WC1 6 , 161
WF6 , 85, 155, 223, 235

on GaAs, 223

via, laser drilling, 439

zinc, dimethyl, 377
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